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AB ST R A C  T
The short term stability condition of cuts in clay and embank­
ments on clay is generally assessed on the basis of measurements 
of undrained shear strength. The strength which can be mobilised 
in the field is often significantly different from that which is 
determined by standard testing procedures.
Three factors which are known to have considerable influence on 
uiidrained shear strength measurements are:
(a) rate of loading
(b) orientation of the failure surface
(c) type of shear test employed.
An investigation has been made into the influence of these three 
factors on the undrained shear strength of a soft silty clay from Kings 
Lynn, Norfolk, and the results are presented in this thesis.
It has been found that the undrained shear strength
(a) decreases with increasing time to failure by about 4% 
for each log cycle of time.
(b) is relatively insensitive to orientation of the failure 
surface.
(c) is a function of the type of shear test employed. For 
example, strengths in triaxial extension are about 60% 
of strengths in triaxial compression, which, in turn, 
are about 60% of strengths obtained from direct shear 
box tests.
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CHAPTER 1
1 INTRODUCTION
1.1 Introduction
Stability analyses advocated in the literature are either in term s 
of total stress or effective stress. Consequently the total stress and 
effective stress approaches are frequently mistaken for separate 
entities. It may be pertinent, therefore, to examine the total stress 
analysis in term s of effective stress and in so doing to re-evaluate 
its term s of validity as a design method.
1.1.1 Fundamental Aspects of the Total Stress Stability Analysis
1.1.2 The Structural Nature of Soil
Soil is a skeletal structure of solid particles in contact forming an 
interstitial system of interconnecting voids or pores. Compared to the 
"incompressible” pore water and soil particles the soil structure is 
relatively compressible.
The deformability of a soil subjected to loading or unloading is, 
in the main, its capacity to change the shape of the structure and hence 
change the shape of the pores by displacement of the pore water, hi 
fine grained soils the viscous forces resisting this change are responsible 
for their uniquely time dependent deformation.
The shear strength of a soil is derived from the structural strength 
alone, the pore water having no shear strength. The resistance of the 
soil structure to shear arises from the frictional resistance generated 
by the interparticle forces (Bishop and Henkel, 1962).
It has been found (Terzaghi, 1943) that the deformability and strength 
of a soil are dependent on the difference between the total stress, a , 
and the pore water pressure, u. This difference is termed the 
"effective stress" and is written ( a - u). In seeking a physical explan­
ation of this "stress" Skempton and Bishop (1954) showed that the 
effective stress in any direction is very nearly the l o a d i n g  transmitted
by the soil structure in that direction per unit global area. While the 
algebraic result is unhelpful conceptually it is possible to extract the 
essential principal, namely, that the effective stress in any direction 
is a measure of the loading transmitted by the soil structure in that 
direction. The effective stress therefore governs of
the soil structure and also determines the structural strength.
L 1. 3 Effective Stress - Shape Relationship
A change in total stress can only result in a change in effective stress 
if the soil structure deforms. The loading transmitted from one particle 
to another may only change if the particles relatively change their 
position. Thus the effective stress may only change if the soil mass as 
a whole distorts. Therefore the sufficient and necessary condition for a 
change in effective stress is that the soil structure must change its 
shape.* .
The corollary is equally true that a ohange-in- shape is incurred by 
a change ineffective stress. As effective stress is (a -u ) it may readily 
be seen that a volume change will occur without any change in the applied 
total stress, if the pore pressure undergoes a change. This is the 
primary course of the long term settlements of buildings founded on clay, 
in which the excess pore pressure set up during construction dissipates 
at a slow rate increasing the effective stress and reducing the volume 
of the pores by expulsion of pore water (Bishop & Henkel, 1962).
L1.4 The Relationship Between Undrained Shear Strength and Effective 
Stress Shear Strength Parameters
The shear strength of a soil in any direction is the maximum shear 
stress that can be applied to the soil structure in that direction. When 
this maximum has been reached the soil is regarded as having "failed", 
the ultimate strength of the soil having been obtained. The shear strength, 
t£ , on any plane in a soil, is controlled by the effective stress normal
* A change of- -shape1 may occur by volumetric strain or by shear strain 
only.
to the plane and is written as = k„ + k, (a - uVr  2 1 '  n '
an is the total stress normal to the plane
u is the pore water pressure
k1 is tan p  where p  is the angle of internal friction
k2 is c ',  the apparent cohesion.
Thus, if the experimentally determined effective stress shear strength 
parameters c’ and tan p  are known, then xf may be computed from 
observations of an and u. Alternatively, Tf may be found by the direct 
measurement of shear stress only.
Consider a saturated clay specimen confined in a direct shear box 
and loaded vertically with a total stress of avo (Fig 1.1). The box is 
contained in an open cell which is flooded to a constant depth. The soil 
structure is given time to consolidate to an effective stress of (a - u ).n o
The undrained shear strength, su , may be found by shearing the specimen 
rapidly to simulate the undrained condition. Clearly, su=xf where t £ is 
the shear strength on a horizontal plane of the soil structure achieved by 
consolidation under a .
V O
Alternatively, if it had been possible to measure the pore pressure 
at failure, uf l  , in the failure zone, generated by the change of shape of 
the soil structure in the failure zone then it follows that
= C f + ( Gv o  ”  u f i ^  t a n  p • • • * • « •  ( 1 )
where c’ and p  are given.
Now consider the effect of applying an additional normal total, stress 
o f ap (Fig 1.1(a)). The load increment is applied uniformly over a  short 
period of time, t, in which the soil specimen is considered to be un- 
drained. The water content of the laterally confined specimen does not 
change during this time and hence the shape does not change. The 
structural configuration is therefore unaltered and thus the effective
where
and
c rv
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FIG. l . l .  EFFECT OF CONSOLIDATION ON STRENGTH MEASURED
in s h e a r  bo x  .(u n d r a in e d )
stresses and hence structural strength are unaffected. If the 
specimen was rapidly sheared, the expression (1) would still hold.
Now consider allowing the specimen to drain at the end of the 
undrained time period, t. The excess pore pressure, Au , generated 
by the application of ap will dissipate by drainage (Fig 1.1(b)), the soil 
structure consolidating to a configuration in equilibrium with the new 
normal effective stress of (a ^  -  Uq + ap ). The specimen, reduced in 
volume by the amount of water squeezed out, now has a denser, and 
therefore stiffer, structure. Again, if the specimen is rapidly sheared 
the maximum shear stress registered is the undrained shear strength 
Su2 > Sul . If the pore pressure in the shear plane at failure is u 
then
Su2 = Tf2 = C' + (avo + AP "  uf 2  ^ tan  . . . . . . . .  (2)
It can be seen, therefore, that the undrained shear strength, Su , 
simply provides a direct measure of the shear strength of a soil 
structure. This strength may also be deduced from a knowledge of 
the effective stress and the relationship between effective stress and 
shear strength for the soil embodied in the parameters Cr and £).
. 5 The Relationship Between Changes in Shape in Soil Structures 
and Changes in Undrained Shear Strength
Consider the consolidated undrained triaxial compression test 
with pore pressure measurement on a saturated soil, The te s t is 
carried out in two stages. In the first stage the specimen is stressed 
isotropically by a cell pressure of c3 and allowed to drain against a 
back (pore) pressure of p giving a soil structure consolidation to an 
effective stress of ( o - p). In the second stage the specimen is un- 
drained, no changes in water content are permitted and there is no
change is overall volume. The specimen is loaded axially by 
displacement of the rigid top platten. The specimen undergoes 
distortion with no change in volume by changing its structural shape.
This incurs a change in effective stress and therefore, generally, pore 
water pressure. Eventually the structural distortion becomes unstable 
and the structural configuration can no longer support stress increments. 
The instability gives rise to a failure mechanism by a continuous 
change in shape in the failure region by progressive barrelling, and/or 
by a local, discontinuous change in shape in the failure plane or planes.
The structural strength of the specimen is determined by the local 
effective stresses at failure normal to the failure plane. These are 
conditioned by and generated from the structural configuration of the 
parent material which is itself conditioned by the original consolidated 
structure and its subsequent reaction to undrained axial deformation.
1.1.5(i)Similated Requirements Between Test Model and Field Prototype
It would appear that to ensure similitude between the test model 
(whether it be undrained triaxial, shear vane or plate loading) and the 
field prototype requires that
(i) prior to loading, the effective stresses and therefore 
structural shape are identical;
(ii) during loading, the structural distortions of the soil 
mass are identical;
(iii) at failure, the distortions of local discontinuities 
(shear surfaces) are identical.
Requirement (i) may be readily achieved, and requirement (ii) may 
be approximated to by considering different modes of test to apply in 
different zones of the soil mass (Bjerrum, 1972). However,
requirement (iii) will be highly dependent on the inherent geometrical 
anisotropy of the structural configuration or soil fabric. The para ­
mount consideration here, will be the relative orientations of the 
shear surfaces in the test model and field prototype.
6 The Idealised Case of the Perfectly Undrained Condition
In general civil engineering works the soil loading change is applied 
gradually during the construction period. The excess pore pressures 
generated by the loading are thus partially dissipated by the end of 
construction. The end of construction pore pressures and the increased 
insitu shear strength can be measured on site if the resulting increased 
economy of design warrants the field instrumentation and testing. On 
all but large scale projects, like earth dams, this is rarely the case.
In addition, the loading is often localised, allowing the soil structure 
to strain laterally, the soil stresses dissipating and the principal 
stresses rotating within the zone of influence. The soil response to 
these conditions is uncertain.
In the absence of sound field data on the end of construction shear 
strength and pore pressure dissipation and in the face of considerable 
analytical difficulties under local loading, a conservative idealised soil 
model, possessing none of these difficulties, can be invoked for design 
purposes. This consists of proposing that the end of construction 
condition corresponds to the perfectly undrained condition. Here the 
soil is considered to be fully saturated with incompressible water and 
is sufficiently rapidly loaded that in the short term it is completely 
undrained. Prefailure and failure distortions of the soil m ass in the 
field are simulated by the test measuring the undrained shear 
strength. The structural distortions and therefore structural strength 
is thus a function of the original structure only. The shear strength 
therefore remains constant and is unaffected by changes in total stress. 
R therefore follows that if the shear strength of the soil structure is
determined under rapid loading conditions prior to construction this 
undrained shear strength may be used for short term design 
considerations.
. 7 Stability in Unloading and Loading
If a saturated clay is unloaded, such as may occur in an excavation, 
or cutting, an overall reduction in mean total stress occurs. In a 
fine grained soil like clay the viscous resistance to pore water flow 
prevents the soil structure, partially relieved of its external loading, 
from rapidly expanding and sucking pore water from the surrounding 
soil. With time, this suction is dissipated by drainage into the area 
of lowered pore pressure from the surrounding area of higher pore 
pressure unaffected by the excavation. This migration of pore water 
causes an increase in soil volume in the zone of influence, the soil 
swelling and the soil structure softening, giving rise to a reduction in 
strength. The minimum factor of safety occurs at the equilibrium long 
term or "fully drained" condition. Clearly the undrained shear strength 
measured prior to construction is higher than the softened value obtaining 
in the long term. Thus, the total stress analysis using the undrained 
shear strength prior to construction is inappropriate as is illustrated 
by several field failures (Bishop and Bjerrum, 1960; Peck 1960). Even 
for the short term or end of construction condition, for temporary works, 
say, the method is open to question due to the uncertain swelling 
characteristics of soil in the mass (Rowe, 1972). However, if it were 
possible to predict the undrained shear strength after construction i . e .  
of the swelled structure, a total stress analysis design procedure would 
be more acceptable.
Alternatively, if a saturated clay is loaded, such as may occur in 
soils supporting building foundations and earth embankments, an overall 
increase in mean total stress occurs. In a fine grained soil like clay 
the viscous resistance to pore water expulsion prevents the soil 
structure from rapidly contracting. With time, this excess pore pressure 
is dissipated by drainage away from the area of increased pore pressure 
in the zone of influence into the surrounding area of lower pore
pressure unaffected by the construction. This migration of pore 
water causes a reduction in volume in the zone of influence, the 
soil consolidating and the soil structure stiffening, giving rise  to 
increasing settlement and increasing strength. The minimum factor 
of safety occurs in the short term, "undrained" condition.
Here, on consideration of the mechanism of stability alone, it 
appears that the total stress analysis using the undrained shear 
strength is appropriate. However, evidence exists to show that, in 
the case of embankments on soft clays, at least, the use of the 
undrained shear strength in a total stress analysis can produce the 
wrong answer (Parry, 1971; Bjerrum, 1972).
It is assumed (Parry, 1971; Bjerrum, 1972) that the erro r lies in 
the method of evaluation of the undrained shear strength. Factors 
which are known to influence significantly the measurement of the 
undrained shear strength of clays include sampling disturbance, time 
to undrained failure, size of specimen tested, anisotropy of strength 
and stress-strain  behaviour, and progressive failure. While Parry 
(1971) advocates an effective stress analysis in preference to the 
total stress analysis, Bjerrum (1972) suggests retention of the total 
stress analysis using correction factors on the undrained shear 
strength to compensate for strength anisotropy and disparity between 
the times to failure of the test and in the field. Both Parry and Bjerrum 
base their recommendations on the analyses of failures using the 
undrained shear strength measured prior to construction.
To approximate to similitude, Bjerrum (1972) suggests using 
different modes of shear test to evaluate the undrained shear strength 
for different areas of the distorted soil. Thus the triaxial compres­
sion simulates distortion directly under the embankment where the 
shear surface is inclined near the major principal stress direction, 
the direct shear test simulates distortion where the shear surface is
u a
horizontal, and the triaxial extension test simulates distortion near 
the toe of the embankment where the shear surface is inclined near 
the minor principal stress direction.
L-1.8 Conclusions
1) The undrained shear strength provides a direct measure of the 
shear strength of a soil structure. This strength may also be deduced 
from a knowledge of the effective stresses and the relationship between 
effective stress and shear strength for the soil embodied in the para­
m eters CT and tan p .
2) The total stress analysis assumes that the immediate stability 
condition corresponding to the "end of construction" approximates to 
the idealised case of the perfectly undrained condition. The undrained 
shear strength prior to construction may be quickly and cheaply 
obtained and the total stress analysis offers a simple design procedure. 
However, the method is inappropriate for cuttings and unloading 
conditions generally, the minimum factor of safety under these cond­
itions occurring in the long term. In loading, the method as such is 
conservative, the minimum factor of safety occurring at the end of 
construction. However, the undrained shear strength may be over­
estimated due to the combined effects of several factors including 
anisotropy, testing rate, sampling disturbance, and progressive 
failure. While much work remains to be done on the measurement of 
undrained shear strength, the total stress analysis which uses the 
undrained shear strength is itself a valid method provided similitude 
exists between the field prototype and shear test model.
Short term - Long term Stability
Stability problems can generally be considered to fall in one or 
two categories: -
(a) Short term /undrained/end of construction/so-called p=o case
(b) Long term or drained condition
When a foundation loading is rapidly applied to a clay, because of 
the low permeability, no change in water content will occur, there 
will be no change in the undrained shear strength and the so-called 
p  = o analysis is applicable. This is an "end of construction" case. 
With time, the clay will consolidate and gain strength and hence the 
factor of safety against a bearing capacity failure will increase. The 
end of construction condition is therefore critical. If loading is rapidly 
removed from a clay, e. g. a cutting is made, the end of construction 
stability can be analysed using the undrained shear strength, but with 
the passage of time the clay will swell, the strength will decrease, and 
hence the factor of safety will decrease. Thus, an effective stress 
analysis is required for the long term case.
For sands and gravels, the permeability is so high that, during 
construction no excess pore pressures are set up and by the end of 
construction, the long term condition has already been attained and 
an effective stress analysis is again, applicable.
In slopes, the long term stability condition is considered to cover 
the situation when the pore water pressures have reached an equilibrium 
value, i. e. they are no longer affected by construction operations.
Under this category, therefore, falls the stability of natural slopes, 
and cuttings when sufficient time has elapsed for the excess pore 
water pressures set up during excavation to have dissipated and the
water pressures in the slope are then governed by the prevailing 
ground water conditions.
This is the so -called "drained" situation and it is clear that an 
attempt to predict the stability of such slopes using the undrained 
shear strength as a basis for calculation (the p  = o analysis) is bound 
in general to result in a completely unreliable factor of safety.
Short Term Studies
In 1960 Bishop and Bjerrum published a collection of case studies 
of "end of construction" failures on footings and fills on a saturated 
clay foundation. They showed that the calculated factors of safety 
grouped within a narrow range of 0. 92 to 1.10, and it was concluded 
at that time, that no particular problem arose concerning the p re ­
diction of the stability of embankments and footings on clays.
It should be pointed out that many of the measurements of undrained 
shear strength on which their calculations were based, were made 
some 25 to 30 years ago, using procedures somewhat less sophisticated 
than those available at the present time.
Parry (1971) studied six case records where failures of low 
embankments on soft clays have occurred. In each case the calculated 
factor of safety on the basis of p  = o analysis was significantly 
greater than unity. Certain conditions have been found to be common 
to all or most of the case records. In all cases the soft clay has a 
high plasticity or zones of high plasticity, and low to medium 
sensitivity. The clay was almost certainly lightly over consolidated 
and thin laminations of silts, sands or organic matter are probably 
present in all cases. In three of the six cases failure occurred during 
heightening of existing banks.
Parry, from this study, concludes that the effective stress method 
of analysis appears to be more reliable than the p  = o method provided 
that the pore pressures introduced in the analysis are estimated
accurately. He also suggests that the c '  value should be ignored 
in the stability calculations.
Bjerrum (1972) collected a series of case records of embankment 
failures, where factors of safety have been calculated on the basis of 
insitu vane test results, which were multiplied by a correction factor, 
based on the plasticity index, before they were introduced in the 
calculation. Special attention was given to the question of how much 
the shear strength of the fill contributed towards the overall stability. 
Where cracks in the fill were observed prior to general failure, the 
strength of the fill has not been included in the analysis. Embankments 
are generally constructed of stronger and more brittle m aterials than 
the underlying soft compressible clay, and cracks can be set up in 
the embankment material due to lateral strains in the clay, before 
general failure takes place.
Bjerrum has suggested that as a basis for design the"field" strength 
can be put equal to the vane strength multiplied by a factor, y , and 
that its value varies with the plasticity index. BjerrumTs figure is 
reproduced in Fig. 1 .2
Bjerrum (1972) has suggested that the over estimation of the field 
undrained shear strength by the insitu vane could probably be attributed 
to one or more of the following factors:
(i) The shear strength depends on the rate of loading.
(ii) The shear strength is anisotropic.
(iii) The shear strength in nature is reduced by progressive
failure.
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Observations on Undrained Shear Strength
If a clay is brought to failure without change in volume the 
maximum shear stress is the undrained shear strength. M easure­
ment of the value of undrained strength can be achieved by using 
either laboratory or field equipment.
This value is not absolute, but can vary within fairly wide limits 
depending on the way in which the clay is brought to failure. (Hansen 
and Gibson 1949).
The following factors will affect shear strength in general, 
drained or undrained, in spite of the most careful sampling and 
specimen preparation techniques: -
(a) geological history (b) stress history
(c) temperature (d) degree of saturation
(e) applied stress system (f) condition of drainage
(g) voids ratio at failure (h) structure (particle
shape, distribution of 
particle sizes, and packing)
(i) nature of pore fluid (j) inter-particle forces
Clearly, tests conducted in full appreciation of these factors, either 
in term s of test procedure or test data, interpretation will be of 
higher integrity than tests conducted in ignorance of these effects.
The range of effect of each individual factor on the soil is difficult 
to assess.
Caution should be exercised in transferring the principles obtained 
from measurements of strength on one clay to measurements of 
strength on another.
For example, the typical results obtained from fissured London 
clay depends on the size of the test specimen (Marsland, 1970). This
is not the case for a non-fissured clay and clearly the effect of 
macro-structure on shear behaviour in the range of over or 
highly consolidated clay has not as much influence as in the range 
of normally consolidated quick clay.
At the present time, it is essential that each type of clay be 
regarded as a new material and studied by all means available.
Different values of strength for the same soil are often found 
between field values back calculated from failures and laboratory 
results which were previously used in design. This is most su r­
prising when the disparities between results obtained by different 
laboratory tests are considered. Consequently, the introduction of 
empirical factors to either reduce or increase this measured value, 
is a remedy, at least for the next few years.
In order that results of standard laboratory tests could still be 
used in design Whitaker and Cooke, 1966, introduced a factor y to 
reduce the average values obtained from these tests to give equivalent 
large-scale strengths.
Skempton (1966) pointed out that the empirical factor introduced 
by Whitaker and Cooke, would vary with the type of test, size of 
the specimen, and technique used to obtain samples.
Bjerrum (1972) introduced another empirical correction factor 
to be multiplied with the values of shear strengths, obtained from 
a vane test, before being introduced in the analysis. The correction 
factor varies with the plasticity index of the clay.
A reconsideration of the factors influencing the measurement of 
shear strength and a programmed investigation of these factors is 
overdue. Only in this way will the uses and limitations of laboratory 
tests, insitu field tests and other methods of field investigation, be 
established.
1.5 Factors Affecting the Measurement of Undrained Shear Strength
The factors listed below are generally believed to have the 
greatest influence on the engineering behaviour of soft clays in 
general and on the measurement of their shear strength in particular:
(i) Rate of Loading
(ii) Anisotropy
(iii) Progressive Failure
(iv) Size of Specimen Tested
(v) Sample Disturbance
Lesser order factors have already been enumerated in section 1.4
1.5.1 Rate of Loading
This factor, together with anisotropy, will be discussed in detail 
in Chapters 2 and 3. However, it is useful to. take i t  into account, 
briefly, at this stage.
It has been demonstrated by laboratory tests on soft clays by 
Casagrande and Wilson (1951) that the more rapidly the load is applied 
the greater is the shear strength measured. (Bjerrum, Simons and 
Torblaa, 1958; Marsland 1971). A considerable amount of evidence 
is available to show that the rate effect is a property mainly associated 
with cohesive soil, the shear strength of more frictional types of 
soils being less dependent of time of loading. Consequently, there 
are good reasons to assume that the rate factor increases with the 
plasticity of the clay.
In embankments, it is generally accepted that the formation of a 
slip surface will occur when the shear strain reaches such a magnitude 
that locally a reorientation of particles begins to take place, p re ­
disposing further shear to occur along a particular narrow zone 
containing the ultimately formed shear plane.
This concept of the effect of rate of shear strain on the shear 
strength of soft clay is obviously too simplified to give a complete 
picture of the problem.
An example of effect or rate of strain on undrained, shear strength 
is shown in Fig. from Bjerrum, Simons and Torblaa (1958).
It can be seen that most of the reduction in undrained shear 
strength is due to an increase in pore-water pressure as the time 
, to failure increases.
1 .5 .2 Effect of Anisotropy on the Measurement of Undrained Shear Strength
An anisotropic soil is a soil which the engineering properties are 
directional. All natural soils are anisotropic. Casagrande and 
Carrillo (1944) were probably the first to consider anisotropy in 
soils. Their purpose was to present an extension of Mohr* s theory 
for non isotropic materials. The paper does not explain the behaviour 
of soil only, but some other materials such as steel and concrete. 
Inherent anisotropy was therefore defined as a "physical characteristic 
inherent in the material and entirely independent of the applied strains . J 
Induced anisotropy was defined as a physical characteristic due 
"exclusively to the strain associated with an applied s tre s s ." These 
definitions are equally applicable to both strength anisotropy and 
geometrical anisotropy. Geometrical anisotropy in granular soil 
depends both on the geometry of individual particles and the geometry 
of their distribution.
For naturally occurring deposits the particle geometry or shape 
will clearly have an influence on the geometry of their distribution.
In clay, as it is of an interest to this work, strength anisotropy
has been well documented in the literature (Casagrande and Carillo 
1944, Bishop 1947, Johansson 1965, Agarwal 1967, Barden 1972) and 
Chapters 2 and 3 are completely devoted to the two factors mentioned 
so far.
Consider the stability problem shown in this Chapter, Fig. 1. 3. 
The undrained shear strength will vary along the hypothetical shear 
surface, from point to point. It can be seen that the orientation 
of the failure surface varies continuously. Probably at only one 
point along the arc, the slip surface will be orientated at an angle 
coinciding precisely with the plane of rupture of a conventional 
triaxial test specimen, that has been trimmed and tested with its 
axis vertical.
It is possible to isolate at least three different conditions of 
stress existing along the failure surface (Fig. 1. 3 ):»
(i) Under the embankment, compression is the
dominant stress, and here a triaxial compression 
test with the specimen axis parallel to the vertical 
is most likely to simulate field conditions.
(ii) The central arc of the slip surface shears
approximately horizontally, in general, parallel 
to the bedding of the clay. The laboratory test 
that most nearly simulates the field stress 
conditions here, is probably the conventional 
direct shear box test on a specimen trimmed 
so that the shear zone forms parallel to the 
bedding.
(iii) Outside the toe, tensile stresses are set up 
and triaxial extension test, with the specimen 
axis parallel to the vertical, would appear to 
most nearly simulate the field conditions.
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If the undrained shear strengths measured in the three ways 
outlined above are significantly different then a slope stability 
analysis would be improved by taking the differences into account.
I. 5. 3 Progressive Failure
Progressive failure is most likely to occur in soils which 
exhibit a brittle behaviour: that is on a plot of undrained shear 
strength against shear strain there is a sharp drop in strength once 
the maximum value has been reached.
Bjerrum (1972) stated that some clays, and especially those 
showing high sensitivity, have stress- strain curves exhibiting a 
sharp peak followed by a rapid reduction in strength after failure 
has occurred. He also noted that if a sliding surface passes through 
a mass of this type of clay, a simultaneous mobilization of the peak 
shear strength is only possible if the strains are uniform.
In general this is not the case. Failure will develop progressively, 
starting in the more severely stressed zones beneath the loaded area 
and gradually extending into the less stressed zones at both sides of 
the embankment.
The shear strength varies according to the effective stresses 
normal to the slip surface. In the developing "failed” region directly 
under the embankment, the shear stresses tangential to the slip 
surface have exceeded the local soil strength generated by the local 
normal effective stresses and hence the strength reduces accordingly 
to the strain softening behaviour. In the pre -failure zone, outside 
the toe of the embankment, the shear stresses, increased by the 
"load shedding" of the strain softening zone, have not exceeded the 
soil strength available. A state of limiting equilibrium is attained 
when the reduction in strength of the elements of the hypothetical 
slip surface in the failure zone just begins to exceed the increase in 
stress taken by those elements in the pre — failure zone (Bishop 1971 
(a), (b)). Some of the failed elements may have reduced in strength
to the residual value but this is not strictly necessary for limiting 
equilibrium in a strain-softening material. Indeed, the large 
displacements necessary to achieve ultimate residual strength in 
heavily over-consolidated clays (Bishop, e t a l . , 1971), would suggest 
that failure conditions in such a material, in the sense of a factor of 
safety of unity for a limit state analysis, might obtain without any 
element of the slip surface reaching the residual strength (Bishop,
1971 (b)).
With different over consolidated clays, it is evident that they will 
not have equal susceptibilities to progressive failure. It is certainly 
true that the more over consolidated the clay, the greater the content 
of retrievable strain energy and the greater the danger of the progressive 
failure.
5.4 Size of Sample
The effect of specimen size on the results of tests have been 
examined by Bishop (1966), Bishop and Little (1967), Bjerrum (1967), 
Simons (1967), Agarwal (1967), Marsland (1967) concentrating on a 
range of fissured over consolidated soils of relatively high plasticity, 
such as London clay, Lias clay, Barton clay e tc ., in which both 
strength and rate of pore pressure dissipation are influenced by sample 
size. •
In stiff fissured clays it is unlikely that a single, simple criterion, 
based on a fixed test specimen size, will be found convenient for 
estimation of their full-scale strength. But there is almost a general 
agreement on the influence of sample size of stiff, fissured clay that 
the larger the size, the lower the value of shear strength (see 
Agarwal, 1967; Simons, 1967; Mar sland 1967; Marsland and Butler 
1967.) Marsland (1967) has suggested that the shape of these fissures 
can also have an important influence on the strength of the clay. On
the other hand, the problem is simpler in the non-fissured type of 
soils, provided that their arbitrary test specimens include a fully 
representative soil structure to evaluate correctly the undrained 
shear strength.
. 5 Sample Disturbance
The term "undisturbed sample” is a clear misnomer. Since 
there is no universally accepted code of practice for site investigation 
the effect of sampling disturbance cannot even be standardized. A 
great deal of attention has been given in recent years to the develop­
ment of sampling equipment and a great number of items of equipment 
for operating these devices have been described in the literature, On 
the other hand, the procedure of soil sampling has not received 
comparable attention, and it is felt by the author that, in many 
circumstances, the poor standard of performance of many sampling 
procedures has limited the development of soil engineering.
A number of workers have investigated the effects of disturbance 
caused by physical disruption and also by stress change, and much 
of the work has been conventionally summarized by Davis and Poulos 
(1967). In the type d  soft clay with low to medium sensitivity under 
consideration here, both of these sources of disturbance tend to reduce 
the shear strength, thus giving laboratory values below the field values. 
This would tend to lead to an underestimation of the stability by 
providing a lower value of shear strength. This tends to contradict 
the findings of Skempton and Sowa (1963) who found that total stress 
changes and slight disturbance had little effect on strength whilst 
complete mechanical disturbance of the clay caused a considerable 
reduction in strength.
CHAPTER H
THE EFFECT OF TIME ON THE UNDRAINED SHEAR STRENGTH 
Introduction
Considerable attention has been directed in recent years to the 
study of stress-strain-tim e effects in soils, as exemplified most 
commonly by creep, stress relaxation, the effects of rate of strain 
on shear strength, and the long term strength of soils.
Attempts have been made to characterize the creep and stress 
relaxation behaviour of clays using rheological models, e. g. Geuze 
and Tan (1953), Christensen and Wu (1964). Creep and effects of 
sustained stresses on strength have been considered by Casagrande 
and Wilson (1949), Trollope and Chan (1960). Studies of stress-strain- 
time effects have been carried out for the purpose of developing an 
understanding of the fundamental mechanisms contributing to the 
shearing resistance of soils and factors controlling time-dependent 
responses to stress and strain. Examples of work in this area are 
Bjerrum, Simons and Torblaa (1958), Crawford (1959), Trollope and 
Chan (1960) and Mitchell (1964).
In the following, a review is made of significant work which has 
been carried out, to"investigate the effect of rate of strain on the 
undrained shear strength of clays.
Review of Previous Work
Casagrande and Wilson (1951) have investigated the effect of rate 
of loading on the compressive strength of clays and shales at constant 
water content. The first type of investigation was devoted to study 
the stress-deformation and strength characteristics of soils and soft 
rocks under very rapid loading and unloading.
The second type was to study the effect of slow rates of load 
application.
All their tests reported were of the unconfined type and were
classified according to time of loading by using subscripts. The 
specimens were maintained at unchanged water content, and it was 
stated that even a small loss of water would cause a substantial 
increase in strength. From the investigation it was shown that 
some types of brittle undisturbed clays and clay shales creep under 
a sustained load, and that they ultimately fail under a sustained load 
appreciably less than the strength indicated by a normal laboratory 
compression test. In contrast it was found that two laboratory- 
compacted soils, and one undisturbed soil which was not fully saturated, 
tended to become stronger and stiff er under sustained loads; that is, 
when loaded at very slow rates of load application, they failed under 
stresses considerably higher than would be indicated by normal, 
quicker, laboratory tests. Probably, the above testing rates gave the 
partially saturated specimens time to consolidate "internally” i. e. 
contraction of the soils structure with consequent stiffening could 
occur without expulsion of water.
Bjerrum, Simons and Torblaa (1958) at the Norwegian Geotechnical 
Institute conducted a comprehensive programme of triaxial tests on 
normally consolidated marine clay from Fornebu, Oslo. The triaxial 
programme consisted of a series of consolidated drained, and con­
solidated undrained tests with pore pressure measurements, covering 
widely differing rates of loading. .
A reproduction of the plotted results of undrained shear strengths 
(taken equal to one half the maximum deviator stress at failure) is 
plotted against times to failure in Fig. 2.1 and shows a pronounced 
decrease in shear strength with increasing time to failure.
The pore pressure parameter at failure A^  equal to the ratio of 
the induced pore pressure at failure to the deviator stress at failure, 
is plotted against time to failure in Fig. 2.2 , and in spite of some
scattering of the results, A^  shows a definite increase with increasing 
time to failure. R was suggested that this increase A  ^with time could 
be due to secondary time effect, and /o r  slow leakage through the
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rubber membrane due to osmotic pressure.
On the basis of these results it was inferred that there is a 
reduction in the true cohesion and /o r  the true angle of internal 
friction, with increasing time to failure. Another interesting result 
from the undrained tests is shown in Fig. 2. 3 where the deformation 
at failure decreases from about 19% for times to failure of about O,
18 hours , to less than 2% for times to failure of about 19 days.
Crawford (1959) demonstrated the significant influence of the 
rate of strain on deviator stress and pore water pressure at failure 
in an undisturbed sensitive Leda Clay.
Consolidated-undrained and drained triaxial compression tests 
were carried out on 38mm diameter specimens, cut from block 
samples. In the consolidated undrained triaxial tests, each specimen 
was consolidated in stages until no water was flowing out of the specimen 
and in all cases a day or more was allowed between the last increment 
of the cell pressure and the start of shear. The total time for con­
solidation varied from 7 to 14 days.
In the drained (slow)tests, the specimens were consolidated under 
cell pressures of 200, 280, and 400 kN/sq. m respectively and then 
sheared at a rate of strain of 0.17% per hour under full drainage 
conditions. This rate is equivalent to the undrained test where time 
to failure is about 10 hours. The results show a sharp change in the 
stress-strain  relationship below 1% strain and a steady deviator stress 
increase to 20% strain. It was concluded that the failure deviator stress 
decreases with increasing time to failure in accordance with the pattern 
established by others. Another conclusion is that, the pore pressure 
change during shear, increases with increasing consolidation pressure.
In addition, there is a time effect which results in higher pore p re s ­
sure as time to failure increases for specimens tested at pressures 
above the preconsolidation pressure.
Schmertmann and Osterberg (1960) have separated frictional and 
cohesional contributions to strength and determined the magnitude of
these contributions as a function of strain. Their results illustrate the
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influence of deformation on cohesion for undisturbed and remoulded, 
extruded specimens of Kaolinite_ and Boston Blue Clay. Further 
deformation leads to a destruction of the undisturbed structure and 
increased dispersion of clay particles, i. e . , a decrease in S*, which 
results in a progressive decrease in cohesion. Conversely the curves 
for remoulded and extruded specimens exhibit essentially constant 
cohesion beyond about 2% axial strain. Deformation is not likely to 
lead to appreciable structure change in these specimens because 
they were thoroughly reworked prior to shear. Thus S remains 
essentially constant as shearing strain increases.
Mitchell (1964) used the theory of rate processes to relate the 
shearing resistance of soils in triaxial compression to frictional and 
cohesive properties, effective stress, soil structure, rate of strain, 
and temperature. The analysis for hypothetical soils showed that the 
influence of strain rate on shearing resistance is of importance only 
for clay soil, providing effective stresses and friction coefficient are 
not influenced by variations in strain rate. It was suggested that the 
deviator stress should be a linear function of the logarithm of strain 
rate. The results of stress controlled undrained triaxial compression 
tests on saturated specimens of undisturbed San Francisco Bay mud 
and "Grundite", a crude commercial illite, both highly plastic clays, 
have provided the data necessary for testing this relationship.
Specimens were consolidated initially to a pressure of 2 kg /sq . cm 
and then subjected to sustain stress creep tests under a stress of 
approximately 50% to 60% of the failure stress in normal strength 
tests. At the creep tests, the specimens were loaded to failure in 
stress controlled triaxial compression tests. Load increments were 
added at 15 minute intervals, and time-deformation data were recorded
* Soil structure as represented by the number of inter-particle 
contacts per unit cross-sectional area;
for each increment. After the first few load increments had been 
applied, deformation under each load proceeded at nearly a constant 
rate throughout a 15 minute period.
Skempton (1964) discussed some of his results on undrained shear 
strength of London clay - all the tests were triaxial compression with 
time to failure of about 15 minutes in accordance with usual practice.
It was indicated that this time to failure corresponded to a rate of strain 
far higher than that to which the clay was subjected during excavation.
In order to study this rate effect, undrained triaxial compression tests 
with times to failure ranging from 15 minutes to 8 days, were carried 
out, the tests being made on specimens all cut from a single block of 
undisturbed London Clay and all consolidated initially under the same 
effective pressure. It was found that there was a marked tendency for 
strength to decrease with increasing times to failure. From the data 
collected, it was concluded that it seems reasonably certain that when 
the time to failure is about one week, the undrained strength of London 
clay is approximately 20% lower than the strength measured in the 
conventional 15 minute test. The water contents in shear zone increased 
with increasing time to failure; becoming asymptotic to a steady value 
only in tests lasting several days.
Aas (1965) investigated the effect of rate of strain by performing two 
additional types of vane tests, the consolidated-undrained and drained 
vane tests on soft Norwegian clays.
The research programme included a series of "drained” vane tests, 
in which an attempt was made to keep the rate of rotation so small that 
no excess pore pressure was set up during shear. The drained vane 
tests were carried out as controlled stress tests. The load was applied 
in steps, the time interval between subsequent loadings being eight hours* 
The time to failure usually ranged from 2 to 4 days. In the consolidated- 
undrained vane tests the vane was left, after penetration, for one to three 
days before the test was performed. The rate of test was equal in both 
types of test. The results have shown no significant difference between 
the shear strength observed in the tests where the vane was left for one
day and in the tests where it was left for two or three days. Results 
of the consolidated-midrained vane tests have shown that, if the vane 
is left one day after penetration, a substantial increase in shear strength 
occurs compared to the tests where no consolidation was allowed. The 
average ratio of the failure torque, consolidated undrained, to the failure 
torque undrained, varies between 1.28 and 1. 52, the greatest value being 
found for the vane having the greatest height to diameter ratio. This 
increase in shear strength is probably the result of dissipation of 
pore pressures set up by the penetration of the vane. It was suggested 
that because the drained tests are influenced by the reconsolidation 
following the penetration of the vane, they should be compared with the 
consolidated undrained tests to investigate the effect of rate of strain.
Such a comparison shows that the shear strength observed in drained 
tests is 20 to 40 percent smaller than the corresponding value observed 
in the consolidated undrained tests. It is concluded that shear strength 
decreases with the rate of strain.
Bishop and Lovenbury (1969) report some drained, constant s tre ss - 
level creep tests performed in a triaxial apparatus on undisturbed samples 
of over -consolidated London clay and normally consolidated clay from 
Pisa, Italy, with test durations up to three and a half years.
It was found that the strain rate appears to be associated with the 
modification of soil structure. The Pisa clay strength was almost 
independent of time because a large decrease in volume during creep 
was observed. However with London clay, the strength was time 
dependent since the creep volume change was very small with respect 
to the effecting stress increase.
Bjerrum (1969) summarizes his experience of the effect of rate of 
strain by stating that it is the most important factor that can affect the 
computed value of undrained shear strength. He suggests that a rate of 
strain correction is necessary for computing the undrained shear strength 
in highly plastic clays, whereas it is of less importance in less plastic 
clays. He defines a highly plastic clay as a clay having a liquid limit 
greater than 80% and the correction factor needed for such clay is in
the order of 60%. He also suggests a correction for CT , especially 
for long term problems where there is a very pronounced difference 
between the value determined in the laboratory and that which can 
be relied on in the field, Bjerrum (1972).
In a study of the effects of different loading rates, Lee, Seed and 
Dunlop (1969) performed triaxial compression tests on oven-dry specimens 
of loose and dense sands at a confining pressure of 15 kg/sq. cm and 
axial strain rates ranging from 0. 02 to 15000% min.
• An increase in strain rate was found to produce an increase in strength 
as previously observed by Whitman in dry sand. An increase in the 
initial tangent modulus and a decrease in the strain at the failure, with 
the greatest changes in all three properties being observed for dense 
sands at higher confining pressures. The strength increase was only 
of the order of 7% for loose sands and up to 20% for dense sands at 
higher confining pressures. It was found that the results showed particle 
crushing to make an important contribution to the strength of dense sand 
tested under high confining pressures leading to substantially higher 
strengths under rapid or transient loading than under slow loading 
conditions.
Examples .
Bangkok Clay
The Bangkok Clay (Eide, 1968a; 1968b) is a very homogeneous 
normally consolidated clay with shear strength of 10 - 20 kN /sq.m
It is very plastic with liquid limit of 120%. (w = 120%; w^ = 120%;
Wp = 45%).
In order to study the effect of rate of loading on undrained shear 
strength two different types of test were carried out.
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The first type is the multiple strain rate test i0 e. by producing 
several rates in a single specimen with slow speed, being applied for 
relatively short periods of time.
Reproduction of the result given in Fig. 2.4 shows two virtually 
identical specimens tested under two different strain rates, which 
correspond to failure being reached after 5 minutes and 7 days respect­
ively. The ratio of shear strength obtained at two different rates of 
strain is 1. 52.
Since the procedure of the second type of tests carried out depends 
on the relaxation of the stresses in the proving ring, so it was called 
the relaxation test. It involves stopping the motor drive at a given point 
in a strain-controlled test, and taking readings of stress and strain 
changes with time.
It is suggested that by stopping the motor, there will still be a strain 
continuation in the specimen after, and that this strain is due to the 
stored energy in the proving ring. 'Reproduction of result ; of this type 
of test is shown in Fig. 2. 5 where three undrained triaxial tests at 
three different strains are presented. It can clearly be seen that the 
effect of the strain rate decreases slightly with strain.
C onclusion
The main conclusion which can be drawn from the literature review 
given above is that the undrained shear strength of a saturated clay 
decreases with decreasing strain rate. It appears that the higher the 
plasticity index of the clay the greater will be the reduction in strength 
due to time effect, E would be expected that the degree of over- 
consolidation could also be a significant factor.
CHAPTER HI
3 ANISOTROPIC EFFECTS IN THE MEASUREMENT OF SHEAR 
STRENGTH IN SOILS
3.1 Definition of Terms
3.1.1 Sample: quantity of intact soil obtained from a site by boring (core 
samples) or by digging inspection pits (block samples)
3.1.2 Specimen: right cylinder (triaxial specimens) or right prismoid 
(shear box specimens) trimmed from sample for placing in test 
apparatus.
3.1. 3. Vertical specimen: Axis of triaxial test specimens parallel to
vertical direction in sample (and therefore insitu). Shear plane 
in direct shear box parallel to horizontal direction insitu.
3.1.4 Inclined specimen: Axis of triaxial test specimens and shear plane 
in shear box specimens inclined to vertical direction insitu.
3.1. 5 Horizontal specimen: Axis of triaxial specimens parallel to
horizontal direction insitu. Shear plane of shear box parallel 
to vertical direction insitu.
Introduction
It is now well known that anisotropy can influence appreciably the 
undrained shear strength of undisturbed clays, and that various factors 
may be involved.
Casagrande and Carillo (1944) were probably the first to consider 
explicitly strength anisotropy in soils.
They distinguished between inherent anisotropy and induced 
anisotropy, suggesting that the anisotropy may be present before 
the soil is strained or may be induced by straining process. They 
also suggested expressions for the strength in any direction in term s 
of the strengths in the principal directions for two anisotropic materials.
i) purely cohesive material having intercept C
ii) purely frictional material having friction angle p
These values were assumed to vary elliptically between maximum 
and minimum values. The problems were solved in general for the 
case in which the principal strength axis coincided with the principal 
stress axis.
A tria l and error graphical method was used to analyse this case 
as well as the more general case in which the principal stress axis 
was inclined to principal strength axis.
Johansson (1965) found that the particle shape clearly influenced 
the particle orientation in naturally occurring deposits. The particles 
(loess, moraine, sediments) tended to be aligned with their long axes 
in the direction of motion of the transporting medium (wind, ice, water) 
and normal to the vertical direction of deposition. The inference is 
supported by simple mechanics where by the deposited particles will 
tend to orientate in the most stable position.
From the point of view of soil mechanics, anisotropy of particle 
orientation and specimen orientation was ignored in the early work.
Dunstan (1968) distinguishes between two distinct forms of geo­
metrical anisotropy. He argues that except in the extreme case of 
spheres, some axes through the soil grains will be longer than others.
If all the long axes tended to a particular direction this would produce 
some form of length anisotropy called T’particle orientation. ”
He goes on to define a further class of parameters of anisotropic 
’’particle packing” arising when the position of a particle in relation 
to its surrounding particles is not random but tends to some directional 
arrangement.
Strength Anisotropy in Clays
Bishop (1947) carried out a number of tests on London clay at 
Wraysbury and Datchet both on undisturbed as well as remoulded 
specimens, prepared from reconsolidated states. The reconsolidated 
specimens were prepared in three layers cut from fully consolidated 
100mm diameter and 32. 00mm thick specimens in oedometers. Tests 
were carried out on a number of vertical specimens from which it was 
found that the shear planes in the specimens were at 56° to the horizontal. 
In order to examine the effect of horizontal laminations of the clay on 
shear strength, tests were carried out on four inclined cores, taken 
at an angle to the vertical of approximately 56° so that when the tests 
specimens were cut in the usual way, the horizontal laminations were 
inclined to the specimen’s axis and coincided with the subsequent failure 
plane. Both undisturbed and consolidated specimens were tested in this 
way. It was found that the strength of inclined specimens dropped 
significantly as compared to the vertical and that near the upper surface 
of the clay layer, the strengths of the inclined specimens were 30% to 
50% lower than the conventional vertically orientated specimen.
In another investigation, similar tests described by Bishop 
(1948) showed the strength of inclined specimens to be 28% lower 
than that of vertical specimens.
Hansen and Gibson (1949) investigated the shear strength of 
anisotropically normally consolidated clays such as occur in nature. 
It was showed that on theoretical grounds the laboratory undrained 
compression test should differ from the field vane test (table 3.1 )
and that the insitu strength on an inclined failure surface could differ 
from both, being greatest in the case of active earth pressure and 
least in the case of the passive earth pressure.
TABLE 3.1
Influence of Orientation of Shear Plane on Undrained Strength
Value of c /p  by: Clay 1 Clay 2
Active earth pressure 0. 331 0.283
Passive earth pressure 0.193 0.256
Failure on a horizontal plane 0.213 0.262
Vane test 0.191 0.252
Unconfined compression test - condition (a)* 0.170 0.247
condition (b) 0.250 0.283
Quick shear box test - condition (a) 0.151 0. 234
-  condition (b) 0.222 ■' 0.268
Consolidated quick triaxial test 
Consolidated quick shear box test
0.348
0.213
0.300
0.262
Hansen and Gibson’s analysis of effect of reorientation of the principal 
stress gives the solution of variation of undrained shear strength with 
orientation of failure plane even if the clay was isotropic with respect 
to physical properties.
condition (a) ) limits of influence of stress release on
Jakobson (1957) tested specimens of Swedish post glacial marine 
clay in triaxial compression. The specimens were orientated vertically, 
at 45° and horizontally. He concluded that the clay was isotropic because 
the average difference between strengths of any two types of samples, 
amounting to only 14% was of the same order as the mean error of 
measurement.
Ward (1956) and Ward, Samuel and Butler (1959) did a number of 
unconsolidated undrained triaxial compression tests on horizontal and 
vertical specimens trimmed from block samples of London clay, taken 
from several locations of London underground railway tunnels. Except 
for the very fissured clay at one location, the mean shear strength of 
horizontal specimens was about 20 to 40% greater than that of vertical 
specimens.
All these samples were from greater depths than those tested by 
Bishop. They found that the value of secant compression modulus at 
50% peak principal stress difference, for horizontal specimens was 
higher than that for vertical specimens and that the average value of the 
angle between the rupture surface and the plane normal to the direction 
of the major principal stress was 56° as found earlier by Bishop (1947).
Void (1965) and Coates and McRastie (1963) found that the undrained 
strength obtained from the field vane test was lower than that obtained 
from conventional triaxial tests in the laboratory on block samples or 
on samples obtained by piston samplers.
Hvorslev (1960) tested vertical, inclined (45°), and horizontal samples 
of remoulded Vienna and Little Belt clays, consolidated one-dimensionally 
to 500kN/sq. m It was not possible to compare directly the strengths 
because of slight variations in water content and strength of individual 
specimens. The value of equivalent consolidation pressure <T T was 
computed for each specimen and then the ratio o\. -  a3
(  ) f
was found. The strength comparison with respect to orientation was 
made on the basis of this ratio which is equal to 2Su /p  (i. e. the ratio 
of twice the undrained shear strength to the consolidation p re ssu re .) 
If the strength of vertical specimens is taken as unity, the findings of 
Hvorslev can be given as in Table 3.2
Type of Clay Vertical Inclined (45°) Horizontal
VIENNA 1.00 0.92 0.87
LITTLE BELT 1.00 • o 00 1.20
It may be seen that while the two clays have similar stress histories 
they behaved with different trends with respect to the influence of 
orientation of failure plane on strength.
Aas (1965) made an attempt to measure the anisotropy of the un- 
drained shear strength of normally consolidated clays. He used the 
insitu vane test on four different sites. Vanes with length and diameter 
ratios of 2, 0. 5, and 4 were used to compute the undrained strength on 
vertical and horizontal planes. The ratio of the strengths varied between 
\  - |  for the four clays.
The conventionally proportioned vane measures mainly the strength 
on a vertical cylindrical surface and so it may over-estimate the field 
strength relevent to some engineering problems in normally or lightly 
over-consolidated clays.
Ward, Marsland and Samuels (1965) carried out various tests, mainly 
on over -consolidated clay taken from block samples at various depths 
from Ashford Common. It was found that the value of the undrained shear 
strength in the horizontal planes was 30 - 62% higher than in the vertical 
planes and that the average strength of the inclined specimens was about 
77 % of that of vertical specimens.
Lo (1965) - see 3. 5.1 - carried out unconfined compression as well 
as triaxial compression tests on undisturbed samples of lightly over­
consolidated Welland Clay.
The samples were trimmed from block samples taken from the 
wall of an accessible shaft. The specimens tested were vertical, 
horizontal and inclined (15°, 30°, 45°, 60° and 75°). The average 
compression strength of horizontal specimens was about 75% of that 
of the vertical specimens.
Ladd and Varallyay (1965) performed undrained triaxial compression 
and extension tests, where the principal stresses were reorientated by 
90° prior undrained shear. These strengths were compared with the 
strengths of the same clay in tests in which no orientation of principal 
stresses was allowed.
In this investigation the value of the intermediate principal stress 
was equal to either the major principal stress or the minor principal 
stress. They found that the reorientation of the principal stresses during 
undrained shear may influence the undrained strength of clay significantly..
Broms and Casbarian (1965) investigated the influence of the r e ­
orientation of principal stresses and of the value of intermediate principal 
stress on the undrained strength of Kaolinite clay. Hollow cylindrical 
specimens, consolidated isotropically, were used. They showed that the 
reorientation of the principal stress influenced both the pore pressure 
parameter and the shear strength parameter p
Bishop, Webb and Lewin (1965) carried out a series of drained and 
consolidated-undrained triaxial compression tests on heavily over- 
consolidated London clay. Vertical and horizontal specimens were cut 
from block samples.
It was found that at low and medium pressure range there appear to 
be no very marked differences between the effective stress param eters 
for vertical and horizontal specimens, whether determined in drained or 
consolidated -undrained tests.
Bishop (1966) in the Rankin Lecture (when referring to Bishop, Webb 
and Lewin (1965)) summarized some of the results of undrained tests on
specimens of brown London clay tested with their axis at 54° to 
the vertical. It was found that the strength obtained was a minimum 
on inclined (45°) specimens being about 77% of that for vertical 
specimens. The horizontal specimens showed strength about 23% 
to 63% higher than those of the vertical specimens.
It was concluded that the anisotropy of undrained shear strength 
in the inclined specimens is a pore pressure phenomenon. The A 
values, being +0.42 for vertical specimens and +0.19 for horizontal 
specimens. The higher the strength exhibited by horizontal specimens 
may be related to the fact that London clay is heavily over -consolidated 
and horizontal stresses in the ground are considerably higher than the 
vertical stresses (Skempton, 1961).
Hooper and Butler (1966) suggested that the variation in undrained 
shear strength in London clay may be attributed to the presence of 
planes of weakness. They showed that the mode of failure can be con­
ditioned by orientation of the fissures with re spect to the principal stress 
direction, their analysis being similar to that of Jaeger (1964).
Duncan and Seed (1966) did tests on remoulded Kaolinite specimens 
consolidated one dimensionally to 150 kN/sq. m and further consolidated 
in a triaxial cell to anisotropic stresses of 0 ^  =900 kN /sq . m and
q y  =550 kN /sq. m. The block was then rebounded to anisotropic 
stress of 100 kN /sq. m. They found from the conventional triaxial 
tests on vertical, inclined (45°) and horizontal specimens that the 
average horizontal and inclined strengths were 87% and 75% of vertical 
strength respectively. (See table 3. 3). They also carried out 
undrained plane strain tests on undisturbed specimens of San Francisco 
Bay Mud, an organic silty marine clay, and found that at the same value 
of consolidation pressure the average strength for horizontal specimens 
was only 75% of that of vertical specimens. It was concluded that for this 
clay, there were two most important factors affecting the variation
TABLE 3.3
Duncan and SeedTs results of unconfined compression tests are given 
together with Hvorslev and Mitchell in the following table.
Investigator Clay
Relative undrained shear strength
Vertical 45° Horizontal
Hvorslev (1960) Vienna 
=47% 
= 22%
1.0 0.92 0.87
Hvorslev (1960) Little Belt 
= 127%
= 36%
1.0 1. 08 1.20
Duncan and Seed 
(1966)
Kaolin 
=45% 
= 35%
1.0 0.75 0.87
Mitchell (1967) Kaolin 
= 75% 
=40%
1.0 0. 87 1.06
Influence of structural anisotropy on measured undrained strengths
of undrained shear strength with the orientation of failure plane;
(i) anisotropy with respect to pore pressure parameter and
(ii) reorientation of principal stresses. This soil was also found
to be slightly anisotropic with respect to the effective shear strength 
parameter, p . The average percentage axial strain at failure for 
vertical and horizontal specimens were 3.6% and 10. 2% respectively. 
Duncan and Seed further observed that the consideration of slope 
stability along a slip surface in the field, the peak strength cannot be
mobilized for vertically and horizontally orientated elements, 
simultaneously. Along a slip surface, near the top portion, where 
the strength for vertical specimens may be more appropriate, the 
clay will be forced to pass the peak 3. 6% strain and then strength will 
decrease up to 10% strain. This action will throw additional stress 
on to the clay in other portions of slip surface, causing the peak to 
be passed at other points also. In this way a progressive failure can 
be initiated due to anisotropy with respect to strain at failure.
Bishop and Little (1967) carried out drained and consolidated 
undrained tests on disturbed specimens, of London clay from Maldon, 
cut with their axis inclined at 54° to the vertical. They determined 
the values of effective shear strength parameters CT and p  for the 
inclined specimens and compared them with the values for vertical 
samples from Bradwell. Their results indicated the significant 
influence of orientation of sample on the parameter C1 but only a 
little on the parameter p .
Agarwal (1967) carried out undrained triaxial compression tests 
with various inclinations of the axis. The specimens were hand cut 
from blocks about lOin cube, which in turn were hand cut from an open 
excavation. For the purpose of comparison, the results were corrected 
to a common moisture content of about 28%. It was found that the 
greatest strength was obtained from specimens with their axes 
horizontal and least for specimens with their axes inclined at 45° to 
the vertical. When the axes inclined at 56° to the vertical, the strength 
was 77% of that with the axes vertical.
Ingles and Lee (1971) examined the correlation between soil structure 
as defined at the particulate level and strength and deformation properties 
as measured at a bulk level. They carried out tests on right prism atic 
specimens coated with low temperature wax and moist cured for seven 
days prior to test by uniaxial compression. They found that the strength 
anisotropy arises chiefly from macropore anisotropy, and the deformation
follows a preferred path of minimum energy demand. It was concluded 
that in fine -grained material this path is often independent of grain shape, 
but where the initial anisotropy is so strong that the minimum energy 
criterion cannot be fulfilled, strength anisotropy is observed. They 
also suggest that the influence of total porosity on strength is great, 
and substantially independent of grain shape, for specimens large in 
comparison to the grain size.
Mitchell (1972) suggested that the deviations from isotropy in clay 
soils are restricted to those states of stress commonly referred to 
as over-consolidated. These deviations terminate when the soil is 
consolidated in a normally consolidated state. He also argues that 
directional variations in the undrained strength which result from 
these deviations are influenced by the initial state of stress in the 
specimen as well as by the direction of the applied stresses. Mitchell 
in his paper adds the following conclusions to those noted in previous 
studies.
- Directional variation in the recoverable strain increment response 
may occur in clay specimens which are formed under anisotropic stress 
system. These variations contribute to directional variations in the 
undrained strength.
- Directional variations in undrained strength for lightly over- 
consolidated clays may be a function of the over -consolidation ratio as 
well as the magnitude and direction of the applied stress path.
- Different responses to stress reorientation have been observed
in soils of different origin, suggesting that there are several possible 
causes of deviation from isotropic behaviour.
Barden (1972) made electron microscope studies of a number of 
natural clay soils, collected from various parts of the world. He has 
given an argument supporting the idea that the behaviour of clays and 
sand is similar and that the clay often resembles a granular material 
at both microscale and macroscale. On the macroscale the peaty clay
particles aggregate into rotund ,TparticlesTt or T,peds. " He explains 
why anisotropic clay structures result in isotropic strength, is that 
the clay plates reorientate into a preferred failure plane or zone.
He concludes that the anisotropic strength behaviour appears to 
be the result of reorientation and anisotropy at the macroscale, but 
not at the microscale, and is thus relatively less common.
Sankaran and Bhaskoran (1972) question Barden* s hypothesis, 
suggesting that the strength anisotropy of cohesive soils is not only a 
function of preferred orientation of particles but also of the stress  history. 
They carried out undrained triaxial compression tests on Kaolinite clay 
and showed that the anisotropy in undrained strength of this type of clay 
varies with the over-consolidation ratio and is therefore related to the 
stress condition experienced by the sample during one dimensional 
compression, besides being influenced by the fabric anisotropy.
Anisotropy in Soils Other Than Clays
In-view of Barden* s (1972) hypothesis outlined in 3.2 above, it is 
of interest to consider the anisotropy of soils other than clays. In 
the following discussion we shall list briefly some of the work carried 
out on sand.
Dunstan (1968) tested specimens poured in the three orthogonal 
directions in plane strain. The plane strain apparatus consisted of 
a flat perspex cell. The major principal stress was applied by water 
filled pressurised rubber bags and minor principal stress was applied 
by lubricated plattens actuated by rubber bags. The cell had removable 
sides for pouring specimens in three orthogonal directions and gravel 
specimens were prepared by pouring through both air and water in 
these directions, the rubber bags having been performed by freezing. 
Radiographic analysis showed that uniform shear could only be obtained 
with the specimen poured in the direction of the minus principal strain.
In this configuration the particles tended to slide over one another like 
a pack of cards. In the other pouring directions a zone developed which 
tended to act as a rigid block.
Phillips and May (1966) used a specially constructed shear box to 
study the effect of varying the specimen pouring direction with respect 
to the shear plane. As well as the normal pouring direction through 
the top of the shear box two other directions were incorporated. The 
shear box was fitted with removable sides and ends so that the specimens 
could be poured through a side or an end. The specimens were prepared 
by pouring through air.
Their results were summarised in the table overleaf:
Table 3. 4
' Normal 
Test stress
kN /sq. m
9
Specimen poured through
top side end
1 40 39. 8° 45. 8° 47.4°
2 70 36. 9° 40.6° 43.6°
3 100 36.0° 41.4° 41.0°
4 140 35.5° 40. 5° 41.5°
Apart from test 1 where the normal stress was a minimum, the 
results show a consistent difference in JZ)’ between specimens poured 
in the normal way through the top of the shear box and specimens 
poured through a side or end. The difference in p T is of the order of 
5°, becoming more consistent as the normal stress increases. In 
addition the differences between specimens poured through a side or 
end become less as the normal stress increases.
Lee and Seed (1970) sought to determine the undrained strength of 
saturated sand after consolidation and compared these results with 
those determined for the same sand after consolidation under isotropic 
stress conditions. It was found that:-
i) for many granular soils the volume changes which occur 
during consolidation appear to depend only on the magnitude 
of the major principal stress, and to be entirely independent 
of the minor principal stress during consolidation, 
ii) there is no significant difference between the drained strength 
of anisotropically consolidated specimens of sand and an 
anisotropically consolidated specimen of the same sand each 
tested at the same void ratio and effective minor principal 
stress.
Arthur and Menzies (1972) developed a new cubical triaxial 
cell for studying inherent anisotropy of non -cohesive granular 
material. The apparatus offers independent control of the three 
principal stresses through flexible stress controlled boundaries. 
Specimens were prepared in a tilting mould to give different directions 
of specimen deposition, with respect to the specimen axes and applied 
principal stress directions.
They found that the inherent geometrical anisotropy produced in 
specimens by pouring through a ir in one direction corresponded to 
a strength and pre-failure, stress-strain  anisotropy. Also, it was 
found that for the rounded Leighton Buzzard sand tested in drained 
triaxial compression, rotating the direction of pouring through 90°, 
relative to the principle stress axes, resulted in a change in stress 
ratio at failure of 10% for the same porosity. Differences of well 
over 200% in the axial strains taken to reach a given pre-failure 
stress ratio were demonstrated.
3.5 Examples
3. 5. i Barton Clay
The Barton Clay consists mainly of stiff, highly fissured clay with 
occasional layers of sandy unfissured clay and clayey fine sand.
Investigation by Marsland and Butler (1967) proved that the clay 
behaved more like a shattered rock than a clay. The field and 
laboratory measurements showed that the strength of the fissured clay 
was considerably less than the lumps of stiff clay between the fissures 
but appreciably higher than the residual shear strength measured in 
the laboratory. Tests were made on 200mm high x 100mm diameter 
specimens taken directly from the 100mm diameter sampling tube and 
on 38mm diameter specimens trimmed from the 100mm samples.
The 38mm diameter specimens gave higher strengths than the 100mm 
diameter specimens and this, has already been mentioned here earlier, 
through the discussion of factors affecting the measurements of the 
shear strength and it was found that in stiff fissured clay, the larger
the size the lower the strength.
The compressive strength measured on the triaxial specimens of 
fissured Barton Clay was found to depend upon the orientation of the 
fissures with re spect to the plane of maximum shear stress. This 
effect is about 10% greater for fissures inclined between 35° and 65° 
to the dire ction of the minor principal stress, but that a strength 
approaching the strength of the intact clay can be obtained when the 
fissures are almost parallel to the minor principal stress. It was also 
found that the lowest strengths and strains to failure are obtained when 
the clay contains continuous smooth fissures orientated in the plane of 
the maximum shear stress. When the arrangement of the fissures 
is more complex, larger displacement or partial failure through intact 
clay must take place, resulting in higher strengths.
. 5. ii Welland Clay
Lo (1965) obtained a set of data in connection with soils investigation
for the construction of a tunnel in Welland, Ontario.
Shear box tests, unconsolidated, undrained triaxial tests and
unconfined compression tests were carried out for the purpose of
discussion that the relationship between the strength C-* and the 
** 1 
angle i is not significantly influenced by the type of tests or rate of
strain. The shear box used was of the conventional Bishop type, and
is taken as the angle of rotation of the bedding planes from the vertical
so that the results were compared with those from the triaxial
compression tests. The time to failure in the shear box was generally
less than 3 minutes. While the triaxial tests were carried out at a
strain rate of 2% per hour. i. e. one-sixtieth the strain rate of the
unconfined compression tests.
In the triaxial compression, tests were carried out with the major
principal stress inclined to the vertical at 0°, 15°, 30°, 45°, 60°, 75°
and 90°.
*C1, C9 = principal strengths in the direction of principal stresses at
failure.
**i = angle of rotation of major principal stress from vertical.
A decrease in strength with the angle of rotation of the major 
principal stress was found.
The measurements of undrained shear strength at Welland from 
(i) block samples; (ii) insitu vane tests and (iii) borehole samples 
taken by 75mm diameter sampler show that the strength measured 
decreased from (i) to (iii). The average ratio of vane shear strength 
to block samples strength is 0. 80, while that of borehole samples 
strength is 0 .710
A statistical study of all the tests results in which i is varied is 
reproduced in Fig.
The factor of safety obtained in the analysis by taking anisotropy 
into account is significantly less than that obtained by conventional 
P  = o analysis, except for steep slopes. This appears to be at variance 
with conclusion supported by a considerable number of case records 
that indicate that the conventional analysis gives the correct factor of 
safety.
Discussion
For analysis of stability of slopes in homogeneous cohesive soils, 
the failure surface is usually assumed to be a circular arc. This 
assumption is made on the basis of experience. *
Soil elements along the assumed failure surface are subject to two 
influences.
(i) there is a decrease in the shear strength due to load duration 
(note previous chapter).
(ii) and on the other hand there is a considerable difference in the 
measured values of shear strength of these elements, (i. e. effect 
of anisotropy).
* Observation of many slope failures has shown that the shape of the 
failure surfaces could be approximated closely by such an arc.

Based on the latter finding and in order to study the effect of 
anisotropy in the laboratory, undrained tests on undisturbed specimens 
may give the most promising results. An example of how the failure 
orientation can vary around a potential slip circle is given in 
Fig. 3.1
Conclusion
From the data discussed previously in this chapter, it is clear 
that significant, variations in undrained shear strength due to anisotropy 
may occur in natural clay deposits. Various factors which may give 
rise  to anisotropic undrained shear strength behaviour can be listed as 
follows:-
(a) Pore water pressure response
(b) Initial anisotropic insitu stress system
(c) Rotation of principal stresses
(d) Preferred particle or layer orientation
(e) Preferred fissure orientation.
CHAPTER IV
4 A STUDY OF THE STANDARD TESTS FOR MEASURING THE 
UNDRAINED SHEAR STRENGTH
4.1 Introduction
The measurement of the undrained shear strength in the work 
referred to in this thesis has been carried out by triaxial 
compression and extension, direct shear box and insitu vane tests. 
While the techniques involved are conventional and well known it 
is considered appropriate here to reassess the validity of these 
tests.
4.2 Triaxial Compression Tests
In this test a right cylindrical column of saturated soil is tested in 
triaxial compression i. e. witha1>a2=a3 , the axial major principal 
stress a acting vertically, the lateral minor principal stress 
acting horizontally. The stress system's mixed, al  being gener­
ated by the displacement of a rigid platten whereas ^  is directly 
applied by hydrostatic fluid pressure against a flexible rubber 
membrane.
At zero axial strain the applied stresses are principal stresses but 
as the specimen is deformed axially the friction between the specimen 
ends and the rigid end caps sets up shear stresses restraining the 
specimen ends and preventing lateral strain. The rotation of the 
principal stresses in this region and the non uniform stress dist - 
ributions across the rigid plattens give rise to considerable
uncertainties. However, by invoking St. Venants principal* it is 
generally assumed that the middle third of the specimen is uniformly 
stressed, with the principal stress axes coinciding with the principal 
strain axes,
T riaxial E xt en sion T e st s
Here the specimen is tested in triaxial extension i. e. with ai=a2>a3 
the lateral major principal stress ai acting horizontally and the axial 
minor principal stress acting vertically. In the work described in 
this thesis triaxial extension was achieved by holding the cell pressure 
ay constant and reducing the axial stress.**
Again the boundary conditions are mixed cr3 being developed by the 
displacement of a rigid platten whereas gx is directly applied by 
hydrostatic fluid pressure across a flexible rubber membrane.
Even if the same mean effective stresses in the middle third of 
the specimen could be contrived in the triaxial compression test, and in 
a triaxial extension test the question still arises as to whether a 
comparison of results is useful. Whether the disparity of results 
reflects the fundamental structural distortions obtaining in the two 
modes of deformation, or whether the disparity is a result of the 
different mixtures of boundary conditions (i. e. stress controlled as 
against strain controlled), is a matter for conjecture. In any event, 
a comparison must rely on the basis of St. Venants principal applying.
* "If forces acting on a small portion of the surface of an elastic body 
are replaced by another statically equivalent system of forces acting 
on the same portion of the surface, this redistribution of loading 
produces substantial changes in the stresses locally but has a negligible 
effect on the stresses at distances which are large in comparison with 
the linear dimensions of the surface on which the forces are changed." 
(Timoshenko and Goodier)
** The alternative method of holding the axial stress constant and 
increasing the cell pressure was not used here.
4.4 The Direct Shear Box
Here a right prismoidal specimen is laterally confined and 
constrained to fail on a pre-determined shear surface which 
approximates to a plane. The principal stress configuration is 
unknown but it is possible to speculate. Consider the conventional 
shear box where the shear surface is a horizontal plane acted on 
by an effective stress an and a shear stress at failure of xf .
T
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If the normal effective stress - shear strength relationship is 
known then a Mohrs circle may be plotted (Fig.4.1) in which the 
directions of the planes on which the principal stresses act may be 
found. It can be seen that the major principal stress acts at ( t t / 4  + 0 1 / 2 )  
to the horizontal failure plane while the minor principal stress acts 
at ( t t / 4  -  Q 1 / 2 )  to the horizontal.
The test itself is probably some kind of plane strain test, the 
lateral principal strains, e2 = e3 = o.
If the direct shear box (or, indeed, any shear test) is to be used to 
investigate the effect of geometrical anisotropy (fabric) on shear strength 
then the stress history of the specimen needs to be examined to study the 
anisotropy effect at each stage. Consider the soil element depicted in 
Fig. 4. 2. The condition 1 shows the total and effective stresses acting 
on the element, insitu. On sampling, the element is quickly removed 
from the ground and waxed to prevent the insitu water content from 
changing. The total stresses are reduced to zero, the element changing
C 0 N U I1IU N S
ur
IN SITU(Ov-u,1K(
♦u,
ON LAB BENCH 
(UNDRAINED)
K,u,
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(UNDRAINED)(for isotropic soil)
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(for anisotropic soil)
Fig. 4.2 Total and Effective Stresses Acting on the Soil Element, 
Insitu.
its shape but not its volume, the effective stresses altering according 
to the suction set up in the pores. As depicted in Fig.4.2 in condition 
II (a) it can be seen that for an isotropic soil the vertical and horizontal 
effective stresses are equal and opposite to the suction. However, if 
the structural configuration of the soil is anisotropic then the distrib­
ution of numbers and areas of interparticle contacts may be anisotropic 
in which case the vertical and horizontal effective stresses may be 
different and dependant on the anisotropic particle packing as shown in 
F ig .4 .2, condition II (b). On placing the specimen in the shear box as 
shown in condition m  the lateral confinement and the undrained condition 
ensure that it does not change its shape. Thus the application of a normal 
load generates an equal pore pressure, the effective stresses, and there­
fore the shape, remaining unaltered.
The possible effect of this kind of stress history is summarised in 
the flow chart of Fig.4. 3. The inherent geometrical anisotropy gives 
rise  to anisotropy of insitu stresses and therefore strength. On 
sampling a further stress anisotropy may be induced adding to or 
subtracting from the inherent anisotropy. These various factors which 
go to make up the best specimen anistropy may be compensating. 
Therefore, inability to detect anisotropy in the test does not necessarily 
mean it is absent insitu.
4.5 The Insitu Shear Vane
The insitu shear vane shears the soil on a right cylindrical surface 
enclosed at each end by plane discs of the same diameter normal to the 
cylinder axis. It is immediately clear that the shape of the sheared 
surface bears no relationship whatsoever to any feasible shear surface 
which may occur in the field. However it is possible to extract the 
horizontal and vertical undrained shear strengths by using vanes of 
different height to diameter ratios (Aas, 1965), by rapidly excavating an 
inspection pit and inserting a vane vertically in the bottom and then 
inserting the same vane horizontally near the bottom (Denness and 
Green, 1971). T h e  work of Denness and Green (1971) assumed an
INHERENT ANISOTROPY INDUCED ANISOTROPY
Strength anisotropyAnisotropy of in situ stresses
Stress anisotropy 
induced by sampling 
(case (b))
In situ strength anistropy
Geometrical anisotropy 
(packing of particles, etc.)
Test, i.e. measured strength 
(and stress-strain) anisotropy
Fig, 4. 3 Flow Chart of Anisotropy in Soils
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\
elliptical variation in strength, a postulate first made by Casagrande 
and Carrillo (1944) . Denness and Green (1971) carried out their 
investigation with the view to determining the length to diameter ratio, 
k, for a vane to be theoretically the least sensitive to anisotropy. 
However, their "relation between torque ratio and anisotropy of 
undrained shear strength for different vane blade shapes used in one- 
vane analysis", reproduced here in Fig.4.4, enables the ratio of the 
strength along the bedding (Cu^) to the strength perpendicular to the 
bedding (Cup) to be found. For the Kings Lynn clay that concerns this 
investigation, T = 1.5 (Wilkes - private communication) for a vane of 
k = 2. This point does not plot on the chart and so it may be concluded 
that the strength distribution at Kings Lynn is not elliptical.
CHAPTER V
EXPERIMENTAL INVESTIGATION 
Introduction
The work reported in this thesis has been carried out in the 
soil mechanics laboratory of the Civil Engineering Department 
at the University of Surrey on undisturbed samples of soft silty 
clay. The laboratory data, some test results, and their stress 
strain curves are given at the end of this chapter.
The laboratory work included undrained triaxial compression 
and extension tests on 38m x 76mm samples, and also 60mm x 
60mm samples in the direct shear box.
In this chapter, the methods used for preparing test specimens 
are described,. The testing techniques followed and the rate of 
strain adopted are discussed, together with equipment used during 
specimen preparation.
Location of Site
The experimental programme was conducted on undisturbed 
samples of soft clay from Kings Lynn, Norfolk, where a test 
embankment has been constructed to a height of about 6. 5m. (Fig. 5.1) 
Nine undisturbed thin walled tube samples, lm  long by 100mm 
in diameter were obtained to carry out investigations into various 
factors affecting the undrained shear strength of the soft clay.
The classification and depths of samples as supplied are given 
in the table 5.1
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Description of the Clay
A study of the bore logs indicated that at Kings Lynn, Norfolk, 
the alluvium layer between 1 and 7m below ground surface was 
somewhat variable.
The soil between the depth of 1. 5m and 4m consists of fairly 
homogeneous, soft, grey, organic, silty clay. Below 4.5m a dark 
grey silty clay with large amounts of peat was encountered.
No decrease of water content with time was observed, as would 
be expected in the case of loss of water by evaporation due to poor 
sealing and storage. The initial degree of saturation of all triaxial 
and direct shear specimens calculated from their weights and 
dimensions are shown in tables in section 5. 7 "Results”.
Some scatter in the calculated degrees of saturation is apparent. 
The calculation of the degree of saturation is based on an average 
value of the specific gravity and may therefore be somewhat 
inaccurate for individual specimens containing various amounts of 
organic material with different specific gravities. In general, the 
clay is considered to be fully saturated.
Testing Programme and Type of Tests
Bjerrum (1972) stated that "one of the most promising results 
of the study of shear strength of soft clay is based on the anisotropy, 
which can be measured from undrained tests on undisturbed samples 
in the laboratory. ” Because of this, procedures for investigating 
the effects of anisotropy have been adopted, including compression 
and extension tests carried in the triaxial cell, together with direct 
simple shear tests in the shear box.
The main purpose of the laboratory investigation reported here 
is to'study the undrained shear strength characteristics of soft clay 
under different conditions of time-dependent loading, and the effects 
of anisotropy of the clay, bearing in mind particularly the field
problem of an embankment built on soft clay. Accordingly 
the experimental programme was divided into two distinct 
parts:
(1) Triaxial tests :-
(a) To investigate the effects of varying rates 
of strain
(b) Varying orientation
(2) Shear box tests -
carried out at various specimen orientations 
as shown in the following table
Rate of 
Strain /min O R I E N T A T I O NType of Test
0.04% Vertical0.006%
0.0008%
!~-4cqm
Inclined at 
45° and 56'
U1
Horizontal
0. 087% Vertical
Inclined at
Horizontal
Strain
Vertical
0.047
DIRECT
TEST
Horizontal
TABLE 5. 2 Different Types of Tests for Different Orientations 
and Varying Rates of Strain.
5.5 Preparation of Undisturbed Specimens
5. 5.1 Conventional Orientation
The preparation of specimens, 38mm in diameter and 76mm 
long, was done in the laboratory by using a hand operated laboratory 
lathe and a wire saw.
The undisturbed sample was extracted from the 100mm internal 
diameter thin walled tube using a 20, 000 kn/sq. m capacity jack 
driven by an electric motor type E (0. 75 HP) No. B. S. 2084.
The extractor used was operated vertically and this was found 
fairly convenient for the soft clay as only short lengths of specimen 
were required, (see Fig. 5.2)
Less disturbance should result when the clay travels in a vertical 
plane during extraction, since it would tend to deform under its own 
weight even with a conveyor belt system used for horizontal extraction.
The top flange of the extractor was fitted with a cross wire cutter. 
The cutter was nested in the flange by machining the correct groove 
dimensions in it and was clamped to the upper face by three mild 
steel pads (40mm x 20mm x 10mm thick), being bolted by three i tT 
B.S. F. screws each f ” long. (Fig. 5.3)
The cutter had two piano wires fitted at right angles, making 
four quadrant zones from each of which a 38mm sample can sa tis­
factorily be obtained. The wires used were 0. 45mm in diameter 
and were tensioned by four adjustable 6 B. A. screws.
The flange with its mounted cutter was carried by three long studs, 
each 838mm long and 20mm in diameter. These three studs were 
positioned such that, the container with its undisturbed sample could 
be brought and placed conveniently on to the jack with a minimum of 
disturbance.
During the extraction of the soft clay the speed of the driving jack 
was carefully controlled to ensure that both the cutting operation and
Fig. 5*2 The Vertical Extractor and its Flange, 
Carried by Three Studs.
86
Fig. 5*3 Top Flange and its Mounting Cutter Fitted with Crossed W ires
extraction itself was also carried out with minimal disturbance.
This was achieved by using a simple gear system, the appropriate 
rate of the extraction and cutting being found on the basis of trials. 
Having cut the sample into four equal prisms, each was subjected 
to the conventional way of trimming using the lathe and the wire 
saw. The trimmed specimen was then placed into a split mould 
which has an internal diameter of 38mm and is 76mm in length. The 
sample was then cut from both sides to get two plane surfaces top 
and bottom, and also produce a specimen of the required length.
The specimen was weighed, and the average height and diameter 
were measured, to an accuracy of 0. 01 mm by vernier callipers.
Two samples from trimmings were taken in tins for water content 
determination. Two perspex load platters (only one for extension 
tests) were placed on the top and bottom of each specimen, the 
assembly being encased in a rubber membrane secured by O -rings.
A specimen which was to be left for an hour or more before testing 
was wrapped in tin foil, labelled, and stored in the vertical position. 
Specimens used in triaxial extension did not require the perspex base 
plate although the top one was used, equipped with a bayonet connection. 
Samples for the shear box were obtained by jacking as before, except 
that the cross wire cutter was removed. To allow the preparation 
of three samples, some 150mm of core was extruded and cut off 
across the end of the core,.by a wire saw. The right prismoidal 
specimens were trimmed so that they were a smooth sliding fit 
into the direct shear box.
5.5.2 Orientated Specimens
Here the procedures were similar to those in section 5. 5.1 above 
except that the cross wire cutter was not used and that the extruded 
samples were of sufficient length to allow the trimming of specimen 
with orientations normal and inclined to the core axis. The actual 
orientation of the specimens was obtained with the aid of a protractor
by first cutting a vertical plane parallel to the core axis. By 
setting up the semicircular protractor with its base along the 
squared end of the core, the assigned directions could be scribed 
on the vertical plane and the samples trimmed accordingly.
5.6 Testing Procedures
All tests were carried out on the Kings Lynn soft clay and 
were restricted to undrained triaxial and direct shear tests, 
without pore pressure measurement. The testing procedures 
used were designed to examine separately the effects on the 
strength and stress/deformation properties of the clay of
(i) testing rate, and
(ii) orientation of the specimen axes with respect to the 
testing axes.
5.6.1 Testing Rate
It may be reasonably proposed in general that, laboratory 
tests should simulate field behaviour. The time taken to exceed 
the soil strength in a full scale field failure may vary from a few 
hours to a few weeks. Unfortunately, the failure of the tria l 
embankment at Kings Lynn occurred overnight and was not 
observed. The standard rate of strain arbitrarily chosen for 
the comparative orientation tests was 0, 067% axial strain/m inute 
giving a time to failure of about 15 - 20 minutes. Having obtained 
an estimate of the strain at failure, for the purpose of the study 
of testing rate, the machine speeds were arranged so that the 
specimens failed after approximately 90 (0. 04% m in.), 720 
(0. 006% per m in.) and 5000 (0. 0008% per m in .), minutes. These 
times to failure were selected in order to facilitate plotting time 
on a logarithmic scale. For the three rates of tests defined above, 
the triaxial cell was modified to provide a mercury bath (Fig.5.4) 
so that each specimen was fully immersed in mercury when tested.
inner wall of cylinder
recess  for 0-ring
robber 0-ring
perspex p ed esta l
b ase
perspex  cy linder
b r a s s  sc re w s
Fig. 5.4 The Construction of the Mercury Bath Used for 
Different Rates of Strain
This precluded the migration of water through the membrane and 
consequently increase of water content.
. 2 Triaxial Tests
The tests were carried out on 38mm diameter, 76mm long 
specimens in a new Wykeham Forrance T 65 quick release cell* 
with rotating bushing (Fig. 5. 5). The cell top and base were of 
non-corrosive light alloy with a perspex base pedestal clamped 
to the base by steel tie screws. The base pedestal was 38mm 
in diameter and 25mm high to allow a minimum loading ram travel 
of about 40mm under test. This ensured that in the extensive test 
the bayonet fitting could be accommodated on top of an extended 
specimen.
The mercury bath was constructed by surrounding the sample 
with a perspex cylinder 80mm in diameter by 150mm high which 
had 10mm wide flanges at its base (Fig.5.4). At the base an O-ring 
embedded in a rectangular section groove effected a sealed contact 
with the base pedestal when clamped by the three screws passing 
through the flanges.
The cell was fitted with a rotating bushing to minimize ram 
friction. The cell and its ram was left under running hot water 
for at least three minutes after each set of tests carried out, in 
order to clear any grease or dirt which might have developed during 
testing. Prior to this procedure the loading jammed on several 
occasions. Constant cell pressure was maintained with Bishop 
type self compensating mercury columns (range 1000 kn/sq. m) 
and the axial stress was applied by a loading system consisting of 
a screw jack operated by an electric motor and a gear box which
* Maximum working pressure of the cell, 1000 kn/sq. m 
Maximum permissible ram loading, 9kn 
Net weight is approximately 6On
Fig. 5. 5 Conventional Triaxial Apparatus with its Rotating 
Bushing, assembled for Triaxial Extension Test.
could be adjusted to give a wide range of strain rate. The load 
was measured by a high tensile steel proving ring. The proving 
ring used in extension had a capacity of 35On while that used in 
compression had a capacity of 700n. The calibration of the proving 
rings was checked on three occasions and showed no change. The 
triaxial extension test procedure used was to keep the cell pressure 
constant while the axial load was reduced. The bayonet type cap 
connection recommended by Bishop and Henkel (1957) was used 
and gave the most satisfactory results compared with other types 
Of fittings tried by the author. The securing connection was screwed 
to the lower end of the ram (Fig. 5.6) and the other end of the ram 
was pin connected to the proving ring base which was machined for 
this purpose.
When operating on triaxial extension the base of the cell was 
clamped to the screw jack by two G-clamps. It was found impossible 
to operate an extension test without clamping the cell to the screw 
jack which was then set to travel downwards.
Alignement of the whole assembly was always checked by means 
of a plumbob.
5.6.3 Direct Shear Box
The 60mm x 60mm shear box apparatus is well described in 
most soil mechanics books, ft consists of a  b rass box split 
horizontally at mid-height of the soil sample which is held between 
two aluminium plates, one face of which is machined in grid ser ­
rations. In the technique adopted here, and as the tests were 
undrained, porous stones were not used but the thickness of the . 
grid plate was machined to be equal to the thickness of porous stone 
and the thickness of the conventional grid plates. The shear stress 
is applied to the sample by pushing the lower half of the apparatus 
forwards or backwards at a constant rate. The rate of strain was 
chosen as close as possible to that rate chosen for triaxial test,
Fig. 5. 6 The Triaxial Cell and its Connections, the Ram, the 
Eayonet fitting, and the Base.
(i. e. 15-20 min. time to failure) and was quick enough to maintain 
fully undrained condition throughout with no pore water pressure 
dissipation.
The normal stress was applied immediately after the apparatus 
was switched on in order to avoid consolidation.
5.7 Results
5.7.1 Introduction
In Fig. 5.7 & 8, Fig. 5. 9 and Fig. 5.10 values of the undrained shear 
strength are plotted against estimated average depth. It is not 
possible to discern any trend within the overall scatter.
This is to be expected from the tabulations of water content and 
dry unit weight as listed in table 5.6. It can be seen that, regardless 
of depth or core, the water content varies by only 0. 5 to 0.75% 
while the dry unit weight varies by about 17 kn/m  . Therefore, 
structurally, it appears that the soil layer is fairly homogeneous.
Comparisons of strength have been made without reference to 
depth, comparing and contrasting tests on the bases of test type, 
specimen orientation and testing rate only.
5.7.2 Discussion-,of Results
A programme written in the Algol language and using ICL 1905 
Computer at the University of Surrey, was used to analyse the data 
from the experimental tests. The proving ring readings and the strain 
dial guage readings were fed in as data and using i((T  - u ) mode 
of failure, the axial strain, deviator stress (corrected for changes 
in cross-sectional area) and Youngs Modulus were calculated 
accordingly (Fig. 5.11 & 12). The relationship between stresses and 
strains were, then plotted - with the aid of standard procedures 
which greatly facilitate the use of the Computers graph plotter.
Hence, while any strength anisotropy is not plainly evident 
within the scatter of results there is a clear stress-strain  
anisotropy, due to specimen orientation under test, see Fig. 5.19 
The ratio of the average undrained strength of triaxial comp­
ression specimens of horizontal,. 56° and 4 5 °to the average 
strength of the vertical specimens are 1.10, 1* 90, and 1.16 
respectively.
In considering the significance of the values of peak strength, 
failure strain and initial tangent modulus (E), it must be rem em ­
bered that the table below gives the average value and therefore 
is only one way of comparison.
Table 5. 3
Observed average values of shear strength, axial strain percent 
and modulus (E) - at 1.5 Axial Strain
Tr
ia
xi
al
 C
om
pr
es
si
on
ORIENTATION VERTICAL 45° 56° CD co
Shear strength 
in kN/sq. m 17. 04 19.76 20. 07 18. 80
Axial strain 
percent 11.00 7. 98 4.0 14.5
Initial tangent 
modulus (E) in 
kN /sq . m
915.92 , 1563. 62 1882.21 1249.64
It is believed that the anomoly of the reduction of strength in the 
vertical specimens can more likely be attributed in part, to lower 
water contents and lower plasticity indices, than to orientation effect. 
Unfortunately Atterberg limits were not determined for each individual 
specimen, and hence no direct correlations may be drawn between
In this section (5.7.2) the basic results with their data will be 
presented in the following order: -
i) triaxial compression tests by specimen orientation
ii) triaxial extension tests by specimen orientation
iii) direct shear tests by specimen orientation
iv) comparison of triaxial compression and extension tests
v) comparison of triaxial compression and direct shear 
box tests
(Results by testing rates will be discussed in section 5. 7. 3)
7 .2(i) Triaxial Compression Tests by Specimen Orientation
The stress-strain  curves for the triaxial compression tests are 
contained in Fig.5.13 to Fig. 5.25. While individual sets of tests are 
consistent and have different strengths and rather similar s tre ss- 
strain curves, comparing different sets of tests there is a large 
overall scatter.
However, comparing the stress-stra in  curves between vertical 
(Fig. 5.16 to Fig. 5.22) and inclined specimens (Fig. 5.23 to Fig. 5.25) 
the stress-strain  curves are markedly different.
In the case of the inclined specimens a brittle behaviour is . 
evident, peak strength occurring at 4 -6% to axial strain followed 
by considerable softening. On the other hand, the vertical specimens 
exhibit a ductile elastic -plastic stress -strain behaviour, peak 
behaviour occurring at 11% axial strain, followed by a plastic plateau.
shear strength and plasticity index. If the average water content 
of the. vertical triaxial specimens is subjected to the same order 
as the horizontal specimens, it can be seen from the graph (Fig.5.29) 
of water content and undrained shear strength, that strengths of 
18 to 19 kN/sq. m may be expected.
In general, higher undrained shear strengths are usually accomp­
anied by lower water content. But with this clay, higher water contents 
are thought to be an indication of higher organic (peat) contents, 
higher liquid limits and plasticity indices, and the undrained shear 
strength appears to be dependent on these.
The exact stress conditions that occurred in the clay in the past, 
are not known. However, the clay is probably very lightly over-
consolidated and it seems reasonable to assume that K , the ratio°
of effective horizontal, to effective vertical stress, is of the order
0. 5 to 0. 7. For soft clays such as that tested, it may be expected 
that the undrained shear strength mobilised in the vertical direction 
will be higher than that mobilised in the horizontal direction. However, 
this fact may not be reflected in the results due to bedding, pre-shear 
stresses, and pore-pressure effects. For example, during deposition 
clay particles may take up a preferred orientation depending on the 
conditions at the time. Martin (1962) found that in general clay 
particles tend to be orientated parallel to the plane on which the 
major principal stress acted during consolidation, thus providing 
weaker bedding planes.
5 .7 .2(ii)Triaxial Extension Tests by Specimen Orientation
The deviator stress against axial strain percent for the triaxial 
extension tests are shown in Fig. 5.30 to Fig. 5.35.
The test specimens were taken to failure in undrained condition 
(similar to axial strain of compression) by maintaining the cell 
pressure constant at 345 kN /sq .m  and decreasing the axial stress.
Unfortunately, none of the testsT specimens were taken to a 
large enough strain to define the post-failure behaviour of the 
material.
The average values obtained from the different types of tests 
are reasonably consistent. If, for the purpose of comparison the 
average strength value of the vertical test specimens was taken 
as 100%, then the average strength values for 45°, and 90° will 
be 83% and 94% respectively.
In the table below the average values of strength for different 
types of tests are given together with their average strains and the 
initial tangent modulus.
Table 5.4
Observed average values of shear strength, axial strain percent 
and modulus (E) - at 1. 5 Axial Strain
ORIENTATION VERTICAL 45° 90°
co
•pHCO
Shear strength 
in kN /sq. m 10.78 9. 09 10.22
d<D
■ fiw
r —( 
•rH
s
•rHu
Axial strain 
percent 13.1 10.13 8. 96
Initial tangent 
modulus in 939,54 607.62 691,46
kN /sq. m
5. 7.2 (iii) Direct Shear Box Tests
The shear stress-displacement curves for the shear box are given 
in Fig. 5. 36 to Fig.5.40. Referring to these figures and more partic - 
ularly to Fig.5. 39it can be seen that the results show a range of scatter 
comparable with the triaxial tests results but give undrained shear
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strength of about twice that of the triaxial test.
The results obtained show that variation of the average undrained 
shear strength with orientation of specimens is evident.
Shear box specimens cut horizontally referred to the field, show 
slightly higher strengths than vertical specimens; the ratio being
1. 01 for specimens from tube 16 (depth 4. 30m to 5. 20m) and 1.10 * 
for specimens from tube 41 (depth 2. 05m to 2. 65m). The average 
strength of specimens inclined at 56° to the vertical is higher than 
the average strength of the vertical specimens, (the ratio being 1.28) 
but marginally higher than the average strength of horizontal specimens. 
Specimens from the shallower depth (average 2.35m) have higher water 
content, higher average strain to failure, higher liquid limits, and 
plasticity indeces, yet exhibit higher average strengths for inclined, 
horizontal and vertical specimens, than specimens taken from the 
average depth of 4. 75m.
Horizontal shear box specimens being sheared approximately 
parallel to the bedding, might at first thought, show lower shear 
strengths than vertical specimens, which are sheared across the 
bedding. However, the effects of a higher pre-shear stresses and 
doubtless many more, being to tend to obscure the variation in strength 
due to orientation.
. 7. 2(iv) Comparison of Compression and Triaxial Extension Tests
The stress-strain  curves for the triaxial extension tests are 
contained in Fig.5. 30to Fig.5.35 . With the exception of Fig. 5. 35 
the individual sets of stress-strain  curves are similar to those for the 
compression specimens.
It can be seen from the plot of deviator stress against axial strain, 
that at small strains the curves coincide with each other, but as 
failure is approached, the extension curves lie below the compression 
curves and the extension plots start curving at earlier stages. This
is probably due to creep taking place in the lower rate of strain 
tests. The triaxial compression curves are initially steep and 
they reach maximum values at axial strain smaller than those for 
extension tests. The triaxial extension curves are much flatter than 
the compression curves.
If the mean value method is an approximate criterion to be used 
for the purpose of comparison then, the peak strength for different 
orientation specimens in extension is about 0. 6 of that in the 
compression for Kings Lynn clay.
It would appear that in triaxial extensions the effect of structual 
anisotropy on strength and stress-strain  properties is suppressed 
or obscured in some way.
5 .7 .2(v) Comparison of Triaxial Compression and Shear Box
In the past, the conventional laboratory tests carried out to 
determine the undrained shear strength of clay, have been the 
vertical triaxial and horizontal shear box tests. It is of interest, 
to compare the results of these tests, on the Kings Lynn clay.
The triaxial and shear box specimens have different modes of 
failure. In the shear box the specimen is constrained to fail along 
pre -determined plane which may not be the weakest and this test 
usually shows a higher shear strength than in the triaxial test. In 
addition, the effects of shearing across the bedding planes in the 
triaxial test, and shearing parallel to them in the shear box test, 
cannot be fully predicted. The specimen in the shear box is confined 
laterally, reducing the "degrees of freedom" compared to the triaxial 
specimen. This relative inhibiting of specimen distortion must 
increase the strength above that for the triaxial test.
In the light of the above, it may be expected that the shear box 
results from Kings Lynn clay would exhibit higher strengths than 
the triaxial specimens. As initial comparison between strengths of
vertical triaxial and horizontal shear box specimens from the same 
tubes shows the respective strength to be 11. 00 kN /sq. m and 
20. 85 kN/sq. m giving a ratio of shear box horizontal triaxial 
vertical strength of about 1.9. This ratio may be found highly 
.misleading, if the effect of differing water contents are studied m ore 
fully.
Triaxial test specimens inclined at 56° to the vertical, such that 
the failure surface is practically horizontal when referred to the field, 
should in theory, provide similar conditions of failure to those in the 
horizontal shear box test, the quasi-plane strain condition not with­
standing shearing occuring parallel to the bedding planes in both 
cases. Average inclined triaxial and average horizontal shear box 
specimens from tube 16 are effectively identical. The undrained shear 
strengths are 20.10 and 20.85 kN/sq. m respectively, and the average 
water contents are 64. 85% and 63.10% respectively.
The plots of moisture content against the average undrained shear 
strength for some of the triaxial, and all the shear box specimens are 
both straight lines, being almost parallel to each other. One should 
note, that for this clay, the undrained shear strength increases with 
increasing water content. The water content is thought to be an 
indication of the organic material content, which with increasing 
amounts can increase the strength of samples. The liquid limit is 
also affected by the peat and water content, and hence, so may the 
plastic limit and therefore the plasticity limit be affected.
E is believed that the factor most affecting the undrained strength 
of this Kings Lynn clay may be the plasticity index, but more work 
is required on this subject to verify this.
5*7.3 Comparison of Results by Testing Rates
Before considering any of the results of different rates of 
strain, it should be stated that the number of specimens tested 
was relatively small from a statistical point of view (20 specimens 
for four different rates of strain). The tests show satisfying results 
since they agree with Bjerrum, Simons and Torblaa (1957), and 
Casagrande and Wilson (1951).
5.7. 3(i) Graph of Shear Strength Against Time to Failure
From the relationship between undrained shear strength against 
time to failure shown in Fig.5.419 it can be seen that there is a 
general trend towards a decrease in strength with increasing time 
to failure. If it is assumed that there is a linear relationship between 
undrained shear, strength and log time to failure, then, when 
considered alongside the strengths of the first, third and fourth set 
of samples tested, the second appears to give high values of strength. 
When this set of tests was repeated, the results showed even greater 
scatter by giving a considerably lower value of strength and a higher 
failure strain. This could be attributed to the disturbance of the clay 
left in the tube especially when realizing that the repeated second 
set was prepared from the last four inches of core. However, in 
the results of the work of Bjerrum, Simons and Torblaa carried 
out in 1957 the initial part of the curve is not linear but increases 
in gradient as the time to failure decreases (see Fig. 2 .1 ). If 
it is assumed that the initial part of the relationship should be 
curved then not only would the second set of results be high but 
also the first set of results would be low. Therefore, regardless 
of which curve is fitted to the results the trend is still one of 
decreasing strength with increasing time to failure. In general 
this result agrees with the results of other similar testing prog­
rammes as shown in Fig. 2.1 and Fig. 2 . 2 .  The decrease in the
strength with time to failure occurs even though cell water 
migration through the molecular membrane had been arrested 
by immersing the specimen in a bath of mercury. The results 
therefore confirm one of the conclusions of Bjerrum, Simons 
and Torblaa (1957) whose specimens were not surrounded by 
mercury. Their conclusion was that "the decrease in shearing 
strength with time to failure cannot be explained solely by the 
observed increase in pore pressure at failure with time, and the 
decrease must be caused by a reduction in the true cohesion 
and/or the true angle of internal friction, with increasing time to 
failure."
The decrease in shear strength per log -cycle is approximately 
equal to 4% for this clay which has a plasticity index (P. I . ) in the 
order of 50%. BjerrumTs correlation of P. I. with loss of strength 
per log-cycle (Fig. 2. 3 ) shows that one would expect a 4% loss in 
strength per log-cycle for this type of clay, assuming that the 
majority of the loss of strength is due to the rate effect.
. 7. 3(ii) Graph of Initial Tangent Modulus Against Time to Failure
It has been the common practice for many years to obtain the 
value of E (Youngs modulus) from undrained triaxial compression 
tests on undisturbed specimens of clay from beneath the foundation.
However, soils being essentially non-linear in their stress-stra in  
relationships, the secant modulus changes continuously with increasing 
shear stress thus making it imperative to choose some criterion on 
which the deformation of E can be based.
The most common procedure is, of course, to obtain the value 
of E (the secant modulus) corresponding to a certain level of stress 
such as one-half or a third of the failure stress (Skempton and 
Hankel 1957, Ward, Samuels and Butler 1959, Simons 1963, Ladd 
1964.) Some workers have based their criterion of the strain level
(1%, 2%, 5% e tc .) (Seed and Chan 1957, Mitchell 1964.) Although 
neither of the above mentioned criteria is complete in itself, the 
stress based one is certainly more satisfactory as it is the stresses 
which are known in a foundation problem and the strains which are 
to be determined. It can be seen from the graphs of deviator stress 
against strain (Fig.5.13 to Fig. 5.15 ) that as the time to failure 
increases, so the initial part of the curve becomes less linear.
The curving of the critical portion of the curve is probably due 
to creep taking place in the lower rate of strain tests.
5.7. 3(iii) Graph of Modulus at 50% Failure Strain Against Time to Failure
As the time to failure increases so it appears that the modulus 
at 50% failure strain (Fig. 5.42) decreases slightly. It could be 
mentioned here that in the experimental work carried out by 
Bjerrum, Simons and Torblaa on soft marine clay, the modulus at 
50% failure strain appeared to remain approximately constant.
5.7. 3(iv) Graph of Axial Strain at Failure Against Time to Failure
As the time to failure increases, the axial strain at failure 
decreases. (Fig. 5.43)
The fact that the axial strain measured is not the actual strain 
occurring at the failure surface, but is an integration of axial strains 
along the length of the sample. Under load the specimen does not 
deform uniformly, its ends being restrained by the frictional effect 
of the plateus while the central position of the specimen tends to 
barrel out. Hence the axial strain at failure is greater than that 
measured under test (Bishop and Green 1965.)
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TABLE 5.16 Direct Shear Box (Fig. 5. 36, 5. 37 & 38)
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TABLE 5.17 Direct Shear Box (Fig. 5. 39 & 40)
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CHAPTER VI
6 MAIN CONCLUSIONS
6.1 Anisotropy
The strength data is summarised in the polar diagram of Fig. 6.1 
where average values for different test modes and different specimen 
orientations are plotted. E can be seen that the measured strength 
anisotropy is not large. For the shear box tests, minimum strength 
was found for vertical specimens, in triaxial compression vertical 
specimens again showed the smallest strength, while in triaxial 
extension the specimens inclined at 45° were the weakest.
The measured anisotropy is greater in the case of the direct shear 
box probably because the field strength anisotropy is sensitive to 
specimen confinement. E this is the case then field strength anisotropy 
can probably only be successfully measured by plane strain test which, 
indeed, more closely simulates the true field fail behaviour. Insitu 
vane tests indicate, however, that the field undrained shear strength 
is anisotropic, the ratio of failure torques for the vane inserted 
horizontally to the vane inserted vertically being about 0.65 (Wilkes, 
1973 - private communication).
The str ess-strain data presented in Fig. 5.13 to Fig.5. 32 is 
remarkable for the singular emergence from the scatter of the clear 
stress-strain  anisotropy of the inclined triaxial test specimens. In 
this series of tests the bedding is most closely aligned in the direction 
~ of the failure plane, the stress-strain  behaviour is brittle, there being 
a definite peak followed by strain softening to a residual value.
6.2 Type of Shear Test
From Fig. 6.1 it is clear that the test modes significantly affect 
the measured undrained shear strength. The shear box produces the 
greatest measured strength (approximately 30 kN /sq . m) in line with
155
the concept of the degrees of freedom that a soil has to respond 
to an applied shear stress. The triaxial extension results give 
the lowest strength (approximately 10 kN /sq. m) compared with 
the triaxial compression test (approximately 20 kN /sq . m).
Bjerrum (1972) has implied that in surface layers of lightly over- 
consolidated clays the removal of overburden has allowed the soil 
structure to expand upwards causing a reorientation of the particles 
and predisposing the soil to the extension mode. Triaxial extension 
tests merely continue this process to failure whereas triaxial 
compression tests must reverse this process giving rise to a 
higher strength. The effect of prestraining on strength and s tre ss - 
strain behaviour has been clearly demonstrated by Arthur (1962).
6.3 Testing Rate
The results obtained show some scatter, particularly for the 
tests with failure times of the order of 100 to 150 minutes. A 
general indication of decreasing strength with increasing failure 
time iSj however, apparent, with a decrease in strength per log 
cycle of time of about 4%, which compares with a value of 6% 
from Bjerrum 's correlation of loss of strength per log cycle of 
time against plasticity index.
This observed reduction in strength could be due to
(a) pore pressure phenomena,
(b) internal redistribution of water content, or
(c) creep effects at constant effective stress;
or a combination of these factors. .
6.4 Summary
6.4.1 The undrained shear strength measured in the triaxial test of
Kings Lynn clay is relatively insensitive to the orientation of the 
test specimen. The undrained shear strength measured in the 
direct shear box is more sensitive to the orientation of the test 
specimen than strength determined by triaxial testing. The clay
is clearly anisotropic with respect to strength as demonstrated 
by insitu vane tests and therefore it may be concluded that a 
plane strain test is more sensitive to measurements of field 
strength anisotropy than a triaxial test.
6.4.2 The type of shear test significantly affects the measured undrained 
shear strength. For the Kings Lynn clay tested the triaxial comp­
ression test gave an average undrained shear strength about equal
to the mean of the average of the triaxial extension test strengths 
and the average of direct shear box tests.*  Thus in this case the 
triaxial compression test measurement of undrained shear strength 
tends to compensate for the different modes of soil distortions under 
the edge of an embankment on soft clay. In fact, the field undrained 
shear strength, which obtains a plane strain, will probably be higher 
than indicated by the triaxial test.
For the tria l embankment at Kings Lynn back calculation of the 
failure indicates a figure of about 20 kN/sq.m , which is approximately 
the strength given by triaxial compression tests.
6.4 .3  The time rate effect of testing in the measurement of undrained 
shear strength is significant, a factor of a 12% reduction in strength 
being necessary if measured strengths based on 15 minutes failure 
times are compared to a field failure time of about two weeks.
To illustrate the significance of the various factors considered 
above, Table 6.1 gives values of strength ratios for the different 
types of test, referred to the triaxial compression tests carried 
out on vertical samples with a failure time of the order of 15 minutes.
* this is contrary to Bjerrum 's observation for clay where the direct 
shear test results lies between the triaxials.
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8 16 24
triaxial ext, 
□  shear box
O triaxial comp,
circular arcs, centre 
at origin
24.78
31. 8217.04
0. 0710.78
9. 09
18. 8010.22
HORIZONTAL SPECIMENS kN /sq.m
Fig. 6.1 Polar Diagram of Average Undrained Shear Strength 
for Direct Shear Box Tests, Triaxial Compression 
Tests and Triaxial Extension Tests.
Ave Strength 
kN /sq . m
Strength
RatioO R I E N T A T I O NType of Test
Vertical 1.0017.04
Inclined at 
45° and 56(
1.1519.76 
20. 07
Horizontal 1.1018. 80
i—i Vertical 0.6310.78
Inclined at 0.539.09
Horizontal 0. 5910.22
1.4524.78Vertical
DIRECT
SHEAR Inclined at 1.8631.82
BOX
TEST
30.45 1.78Horizontal
18.00 1.05Vertical
Inclined atVANE
TEST
rti Horizontal
TABLE 6.1 Values of Strength Ratio Related to Triaxial Compression 
for Different Types of Tests.
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